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SUMMARY 


The program was conducted to select and recommend for further de- 
velopment and performance verification the best surface tension 
propellant acquisition concept for an advanced spacecraft pro- 
pulsion system having a 10-year mission capability. Surface ten- 
sion systems were specified because they were shown to be the best 
propellant acquisition technique for various interplanetary space- 
craft in a prior study (Contract NAS7-754). A variety of surface 
tension concepts for accomplishing propellant acquisition were 
formulated for the baseline Space Storable Propulsion Module and 
Jupiter Orbiter Mission. Analyses and evaluations were then con- 
ducted on each candidate concept to assess f abricability , perfor- 
mance capability, and spacecraft compatibility. A comparative 
evaluation of the results showed the Fruhof-class of low-g sur- 
face tension systems to be preferred for these interplanetary ap- 
plications. They can be adapted to a broad spectrum of low-g ap- 
plications and can be tailored to specific applications with the 
desired operational margin. The evaluations also showed that the 
space-storable propellants present a much more difficult propel- 
lant acquisition situation than their earth-storable counterparts 
because of both propellant property differences and system fabri- 
cation considerations. 

A preliminary design of the selected Fruhof standpipe with vanes 
system was accomplished based on analysis and testing of the more 
significant factors influencing its fabrication and operation. 

This system is preferred for further design study because it ap- 
pears most capable of meeting spacecraft and mission requirements 
of the type evaluated. 
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I. INTRODUCTION 


A. PROGRAM BACKGROUND AND OBJECTIVES 


Controlled propellant orientation throughout long-duration (up to 
10 years) interplanetary missions is a prerequisite for success- 
ful performance. The propellant acquisition subsystem must pro- 
vide gas-free liquid on demand for both long- and short-duration 
engine firings of a multiburn mission having up to two years be- 
tween burns. In addition, provisions for pressurization, emergency 
vapor venting, and center-of -gravity control are required. 

Surface tension propellant acquisition subsystems are particularly 
well suited to these low-gravity, multiburn, long-life missions. 
This was shown in a previous study (Contract NAS7-754), which 
evaluated various types of propellant acquisition devices for ad- 
vanced spacecraft applications and found surface tension systems 
to be superior (Ref 1-1 and 1-2) . Under the previous program, 
detailed analyses and designs of two different surface tension 
systems were then made for three reference missions. It was here 
that the Martin Marietta Fruhof low-gravity propellant acquisition 
concept was developed. This system was preferred, if testing 
under minus one g was not a requirement. 

With a surface tension device established as the preferred ap- 
proach, this Space Storable Propellant Acquisition System Program 
was the next step in the progression to provide an acquisition 
system for the Space Storable Propulsion Module. It was conducted 
by Martin Marietta Aerospace under the direction of the Jet Propul- 
sion Laboratory to compare surface tension devices only, and to 
select the best surface tension system. The program is part of 
NASA's Advanced Technology Program to provide long-life propulsion 
systems for unmanned missions to Jupiter and the outer planets 
during the early 1980s. The effort described in this report com- 
prises the first phase of a program for the development and compre- 
hensive definition of a design for a surface tension propellant 
acquisition system for use in these advanced spacecraft propulsion 
systems. Specific program objectives were to: 

1) Select and recommend for further development and performance 
verification the best surface tension propellant acquisition 
system for the Space Storable Propulsion Module and Jupiter 
Orbiter mission, and, 

2) Prepare a detailed design of the selected system for the base- 
line spacecraft and mission. 
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MISSION AND SPACECRAFT CRITERIA 


The baseline mission and spacecraft criteria used in the program 
are presented in this section. The information is divided into 
two parts which describe the mission and the propulsion system. 

Mission Description 

The baseline mission for evaluation and design of the space stor- 
able propellant acquisition concepts was that of the Jupiter Or- 
biter. This mission consists of four phases: ground hold; launch 

and injection; Jupiter transfer; and Jupiter orbit. These phases 
are discussed briefly in the following paragraphs. 

a. Ground Hold - The time between propellant loading in the tanks 
(which nominally would occur at the same time as encapsulating the 
spacecraft in the shroud) and launch could be as long as 60 days. 
Therefore, active propellant temperature conditioning must be pro- 
vided by the aerospace ground equipment /ground support equipment 
from the end of propellant loading until vehicle liftoff. A LN 2 
cooling line is provided in the oxidizer tanks to perform the con- 
ditioning process. After liftoff, the onboard thermal control 
system will provide propellant temperature control. 

b. Launch and Injection - The spacecraft with an injected mass 
of 3150 lb, will be launched by a Titan IIID7/Centaur /Burner II. 
The ascent mode from launch to injection will use a parking orbit 
of 100 n mi. Maximum coast time in the parking orbit will not 
exceed 1 hr. 

c. Jupiter Transfer - During this portion of the mission, the 
spacecraft will be oriented with the propulsion module on the 
shade side, except during reorientation for and during maneuvers. 
The maximum allowable time that the propulsion system may be in 
the sun will be 75 minutes. The Jupiter transfer phase will last 
767 days with a sun-spacecraft orientation as shown in Fig. 1-1. 

d. Jupiter Orbit - The orbit insertion will result in a 1.44 x 
120 R orbit, inclined to the Jupiter equator at an angle of 41.4 
deg, with a period of 58 days. A plane change maneuver will be 
executed 797 days after launch to attain an equatorial orbit. 
During orbit, the spacecraft is to be Earth-oriented with the 
propulsion module on the shade side of the vehicle. During orbit 
trim maneuvers, the propulsion module may be randomly oriented 
and therefore may see the sun at some arbitrary angle. 
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Fig. 1-1 Sun-Spacecraft Orientation During Mission 




One objective of the mission is reconnaissance of Jupiter’s 
Galilean satellites that are all in Jupiter's equatorial plane. 
Each satellite fly by is accomplished through a pre-encounter 
and postencounter maneuver that results in numerous orbit trims. 
The spacecraft will be occulted from the sun and Earth period- 
ically, implying thermal and communication complexities with each 
Jupiter pass. Jupiter is surrounded by severe radiation and 
electromagnetic fields, intense enough to be a major considera- 
tion for spacecraft design and shielding. 

The propulsion event sequence is shown in Table 1-1. Twenty- 
seven burns are identified as the nominal Jupiter Oribiter mis- 
sion requirement. Two space storable propellant combinations 
were considered as baseline candidates for the propulsion system. 
These were the Flox (88% F 2 ) and monomethyl hydra: ine (CH3N2H3 or 
MMH) combination and the fluorine (F 2 ) and hydrazine (N 2 H [+ ) com- 
bination. Table 1-1 includes propellant mass requirements for 
each combination. An additional propellant combination, oxygen 
difluoride (0F 2 ) and diborane (B 2 H 6 ) , was evaluated qualitatively 
to assess the impact this combination would have on the propel- 
lant acquisition system designed for the Flox/MMH system. 

The propellant tank acceleration environment during the Jupiter 
mission is presented in Table 1-2. Accelerations listed in the 
table were either given by or derived from the spacecraft cri- _ 7 
teria. Zero-g conditions are estimated to be on the order of 10 
g, or less, arising from factors such as solar wind or planetary 
atmosphere drag. Engine burn accelerations are based on the total 
spacecraft mass and the thrust. Attitude control accelerations 
are based on the following criteria: 

Maximum rotational velocity =0.1 deg/sec; 

Maximum angular acceleration = 0.038 deg/sec 2 ; 

Maximum moment arm length - In-line tanks = 4.1.4 in. 

Side-by-side tanks = 18.0 in. 

The accelerations in the table were determined by a worst-case 
application of the above criteria. The accelerations produced 
by boom deployment are the sum of the rotational and transla- 
tional components due to the torques applied to accelerate the 
deploying masses and the centripetal forces of the rotating 
masses. Spring and damping characteristics, the applicable di- 
mensions, and the vehicle mass and inertia were used in the cal- 
culation (Ref 1-3) . 
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Table 1-1 Trajectory Correction Propulsion Event Sequence 
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Table 1-2 Acceleration Environment 


Mission Phase 

Acceleration, g* 

Duration, sec 

Boost 

+8, -4 (axial) 

— 


+4, -4 (lateral) 

— 

Deep Space and Jupiter Orbit 

10 -7 (omnidirectional) 

— 

Boom Deployment 



RTG and Science Package 

-6xl0 -5 (lateral) 

45 

Deployed Simultaneously 

-3xl0 -5 (axial) 


Deployed Separately 

-8xl0 -5 (lateral) 
-2xlO -5 (axial) 

45 each 

Attitude Control 

(Maximum Rate = 1 pulse/sec) 



Thruster On 



In-Line Tanks 

±7xl0“ 5 (lateral) 

0.1 

Side-by-Side Tanks 

±3xl0 -5 (lateral) 

0.1 

Thruster Off 



In-Line Tanks 

-3xl0 -7 (axial) 

— 

Side-by-Side Tanks 

±1.4xl0 -7 (lateral) 

— 

Momentum Wheel Unloading 

+10 -£ * (axial) 

— 

Main Engine Burns 



Bi-Propellant Mode 

+0.19 to +0.32 (axial) 

0.325 to 360 

Monopropellant Mode 

+0.048 to +0.082 (axial) 

1.0 to 45 

*A positive axial acceleration acts to settle propellants over the outlet. 
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2 . 


Propulsion System Description 


The Space Storable Propulsion Module consists of three major 
assemblies: engine, pressurization, and propellant feed. The 

propellant acquisition systems are part of the propellant feed 
system. However, their design is affected by and also impacts on 
the operation of the other assemblies. A sketch of the propulsion 
module/spacecraft interface, derived from JPL Drawing 10041593, is 
shown in Chapter III (Fig. III-39) . The propulsion system descrip- 
tion is separated into two sections corresponding to the two 
candidate propellant combinations of primary interest. 

a. Flou/MMH Propulsion System - The Flox/MMH system is shown 
schematically in Fig. 1-2. Propellant tanks arranged in both a 
side-by-side and an in-line arrangement were considered to deter- 
mine the effect, if any, on the propellant acquisition system. 

The fuel pressurant and propellant tanks are mounted together on 
one side and wrapped together under a 0.3-in. -thick high-perfor- 
mance insulation blanket. The fuel tank is located so as to shade 
the oxidizer tank from the RTG. Further thermal isolation of the 
oxidizer subsystem is accomplished with the installation of a radi- 
ation shield between the two propellant tanks. On the oxidizer 
side, the pressurant tank is thermally coupled to the propellant 
tank and both tanks are insulated with 2-in. -thick polyurethane 
foam. These two tanks and their fluids are cooled during the 
ground hold operation by LN 2 flowing in an internal coil in the 
oxidizer tank. 

A summary of the pertinent Flox/MMH system criteria is presented 
in Table 1-3. Spherical tanks were the baseline configuration; 
however, any effects that cylindrical tankage may have on propel- 
lant acquisition system selection or operation were to be deter- 
mined. 
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Table 1-3 Propulsion System Criteria 


PROPELLANT COMBINATION 

FLOX/MMH 

p 2 /n 2 h„ 

EnRine Characteristics 



•Operational Mode 

Bipropellant 

Monopropellant Bipropellant 

Thrust 

600 lb { 

150 lb f 600 lb f 

Specific Impulse 

365 lb - sec /lb 

235 lb, -sec/lb 383 lb, -sec/lb 

Minimum Impulse Bit 

195 lb £ -sec 

150 lb f -sec 600 lb f -sec 

Mixture Ratio (Oxidizer /Fuel) 

2.6 

2.0 

Chamber Pressure 

100 psia 

25 psia 100 psia 

Gimbal Angle 

±9 degrees 

±9 degrees 

Gimbal Rate 

20 deg/sec 

20 deg/sec 

Pressurization System 



Fuel Side: 

Regulated Helium 

Regulated Helium 

Initial Pressure and Temperature 

3785 psia/530 8 R 

3785 psia/530°R 

Tank Diameter 

1.07 ft 

1.20 ft 

Tank Volume 

0.64 ft 3 

0.91 ft 3 

Tank Mass 

16.6 lb n 

23.6 lb n 

Pressurant Mass 

1.48 lb n 

2-1 lb m 

Thermal Control 

High performance insulation 

High performance insulation (0.3-in. 


(0.3-in. thick), thermally 
connected to fuel tank. 

thick) , thermally connected to fuel tank. 

Oxidizer Side: 



Initial Pressure and 

Regulated Helium 

Regulated Helium 

Temperature 

3444 psia/155°R 

3444 psia/155*R 

Tank Diameter 

1.39 ft 

1.28 ft 

Tank Volume 

1.40 ft 3 

i.i n 3 

Tank Mass 

20.4 lb^ 

16,4 lb m 

Pressurant Mass 

8.27 lb^ 

6.45 lb Q 

Thermal Control 

Foam insulation (2-ln. thick), thermally 

Foam Insulation (2-in. thick), thermally 


connected to oxidizer tank. 

connected to oxidizer tank. 

Storage Tank Shape and Material 

Sphere/6Al-4V Titanium 

Sphere/6AL-4V Titanium 

Pressurant Supply Line Size 
and Location 

3/8 to 1/2 in. /Forward 

1/4 to 1/2 in. /Forward 




Fuel: 



Tank Shape and Material 

Sphere/6AL-4V Titanium 

Sphere/6AL-4V Titanium 

Tank Diameter 

2.40 ft 

2.70 ft 

Tank Volume 

7.24 ft 3 

10.35 ft 3 

Tank Mass 

11. S lb m 

16.4 lb 


375 lb 

624 lb 




Ullage Volume (530° R) 

5.0Z 

5.0Z 

Fuel Residual 

4. OX 

4.0Z 

Feed Line Size and Location 

3/4 in. /Aft 

3/4 in. /Aft 

Thermal Control 

High performance insulation 

High performance insulation (0.3-in. thick). 


(0.3-ln. thick), louver, heat 

2 watt feed line heater, louver, heat source. 


source, and radiation shield. 

radiation shield. 

Fuel Temperature 



Range 

500-560*R 

500-560* R 

Nominal 

530*R 

530 *R 

Outlet port diameter and 
location 

9 in. /Aft 

9 in. /Aft 

Pressurant inlet and vent 
port size and location 

3/4 in. /Forward 

3/4 in. /Forward 

Tank Pressure 

260 psia 

260 psia 

Temperature sensor number 
and Location 

One per tank/intemal 

One per tank/intemal 

Oxidizer: 



Tank Shape and Material 

Sphere/2219 Aluminum 

Sphere/2219 Aluminum 

Tank Diameter 

2.94 ft 

2.70 ft 

Tank Volume 

13.33 ft 3 

10.35 ft 3 

Tank Mass 

33.0 lb m 

25.6 lb 


975 lb 

778 lb 


Q 


Ullage Volume (155*R) 

20Z 

20Z 

Oxidizer Residual 

4Z 

4Z 

Feed line size and location 

3/4 in. /Aft 

3/4 in. /Aft 

Thermal Control 

Foam Insulation (2-in. thick) 

Foam Insulation (2-ln. thick) 

Oxidizer Temperature 



Range 

100- 160 *R 

100-180 *R 

Nominal 

155*R 

155*R 

Outlet Port Diameter 
and Location 

9 in. /Aft 

9 in. /Aft 

Pressurant Inlet and Vent 
Port Size and Location 

3/4 in. /Forward 

3/4 in. /Forward 

Tank Pressure 

260 psia 

260 psia 

Temperature Sensor Number 
and Location 

Two per tank/ internal 

Two per tank/ internal 














b. Dual Mode F 2 /N 2^4 Propulsion System - The fluorine/hydrazine 
propulsion system, shown in Fig. 1-3, is configured and thermally 
protected in a manner similar to the Flox/MMH system. However, 
it possesses a unique capability of operating in two engine modes, 
either as a 150-lb ^ monopropellant engine or a 600-lb ^ bipropel- 
lant engine. The engine is operated in the monopropellant mode 
for the small AV maneuvers while the more efficient bipropellant 
mode is used for maneuvers requiring a AV equal to or greater 
than 0.05 km/sec. However, even the bipropellant mode employs 
a 5-sec monopropellant start before initiation of F 2 injection. 
Another important feature unique to this system is the use of the 
hydrazine for a monopropellant attitude propulsion subsystem. 

Table 1-3 also documents the F2/N2H4 system criteria. 


C. STUDY GUIDELINES 


Several guidelines were used in conducting the study. In formu- 
lating candidate surface tension concepts for accomplishing pro- 
pellant acquisition, particular emphasis was to be given to ad- 
vanced design concepts, such as those designed under Contract 
NAS7-754 (Ref 1-2). Concepts that change or modify the tank in- 
ternal geometry to position propellant were of primary interest, 
while devices using fine mesh screen were ruled out. However, 
the use of perforated plate was permissible. It was desirable 
that the acquisition device be adaptable to modular installation 
in the tank through a 9-in. -diameter access port. Also, cooling 
coils had to be integrated into the oxidizer system for ground- 
hold propellant conditioning and the design had to accept tempera- 
ture sensors in both the oxidizer and fuel tanks. 

Several operational features were required. The primary require- 
ment was that the propellant acquisition system be capable of 
supplying gas-free liquid to the engine throughout the mission. 
Control of the propellant center of gravity and limiting propel- 
lant slosh were also desired. Other considerations were: 
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Figure 1-3 F^/NgH^ Dual-Mode Propulsion Subsystem 






• The system had to perform and be compatible with space-storable 
propellants over a nominal mission life of ten-years; 

• An emergency pressure relief capability was desirable; 

• Performance was not to be impaired by in-flight pressurization or 
thermal transients; 

• The system was to be capable of off-design operation. 


D. APPROACH 


The program was conducted in four separate tasks, including docu- 
mentation, as ' shown in Fig. 1-4. An orientation meeting was held 
at JPL to initiate the program and the Project Work Plan (Ref 1-4) 
was prepared. In Task I, a preliminary design study of surface 
tension propellant acquisition devices was conducted. The system 
and mission criteria to be used in the program were documented 
and a variety of candidate surface tension concepts for accomplish- 
ing propellant acquisition were formulated for evaluation. These 
candidate concepts are discussed in Chapter II. Analyses and 
evaluations were then conducted on each candidate concept to 
assess its fabricability, performance capability, and compatibility 
with the spacecraft. A critia matrix was generated that itemizes 
the propellant acquisition system operations from fabrication 
through flight and also notes the various aspects that must be 
considered. This matrix (Table 1-4) was used in the design and 
analysis effort discussed in Chapter III. An experimental drop 
tower program, discussed in Chapter IV, was conducted to support, 
verify, and complement the analytical evaluation of candidate 
concepts. 

Those candidate propellant acquisition concepts shown by the Task 
I design and analysis effort to be capable of satisfying the space- 
craft and mission criteria were evaluated and compared in Task II. 
The criteria maxtrix was used to establish the rating system that 
was then used to determine the best candidate concept. A compar- 
ison of the propellant combinations with respect to surface tension 
propellant acquisiton system operation was also made as part of 
Task II. Results of the Task II comparative evaluations are pre- 
sented in Chapter V. 
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Based on the comparative evaluation results, the best concept was 
recommended to JPL for approval. During Task III, detailed analy- 
ses and designs were made of the recommended and approved surface 
tension concept. The design is presented in Chapter VI. Finally, 
conclusions and recommendations are discussed in Chapter VII and 
references are listed in Chapter VIII. The recommendations in 
Chapter VII outline a plan for further development of the pro- 
pellant acquisition system. 
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II. 


CANDIDATE PROPELLANT ACQUISITION CONCEPTS 


A number of devices that appeared capable of functioning were con- 
ceived to initiate the process of selecting the candidate surface 
tension propellant acquisition concepts. In formulating these can 
didate devices, the effort concentrated primarily on concepts 
which modify the tank internal geometry to accomplish propellant 
positioning, since this approach was shown to be preferable for 
similar applications in an earlier study (Ref II-l) . Devices us- 
ing fine mesh screen were not considered; however, no other re- 
strictions were placed on the concepts, so that creativity would 
not be hindered. Any promising concept was added to the list of 
potential candidates. 

After establishing the design requirements and mission parameters, 
a preliminary screening of the candidate concepts was conducted. 
Concepts appearing both practical and capable of meeting the space 
craft and mission requirements were selected as candidate con- 
cepts for further evaluation. Each of the selected candidate con- 
cepts fell into one of three general categories, based upon its 
configuration. These categories were: 

A. Devices consisting of capillary barriers, which will retain 
liquid; 

B. Devices contacting both the bottom and top of the tank, which 
will orient the liquid; 

C. Devices located in the bottom of the tank, which will orient 
the liquid. 


A. CATEGORY A DEVICES 


Category A devices retain liquid by using capillary barriers (Ref 
II-l) . Some Category A devices are shown in Fig. II-l. The trap 
is the most basic of the Category A devices, consisting of a cover 
plate and a liner, as shown in Fig. II-l(a). Holes through the 
coverplate are small enough to retain liquid within the trap 
against adverse accelerations that tend to remove the liquid. Com 
munication between liquid below the coverplate and the tank out- 
let is maintained by the annulus formed between the liner and the 
tank wall. The trap maintains a sufficient volume of liquid over 
the outlet so that the engine can always be started. Once enough 
propellant has been settled so that liquid flow to the engine can 
be maintained, the trap has accomplished its function. 
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(a) Trap (b) Trap with Fruhof 

Post 



(c) Compartmented 
Tank 


Fig. II- 1 Category A Devices 

It has been shown (Ref II-2) that fine mesh screen can be cleaned 
and passivated for use in. fluorine, the most reactive of the pro- 
pellants being considered. Compatibility was demonstrated for a 
period of 35 days and extrapolation to one year showed suitable 
performance should be obtained; but, long-term compatibility (10 
years) has yet to be substantiated. Because of this 10-year life 
requirement, perforated plate with a regular pattern of holes 
on the order of 0.1 to 1 in. diameter was considered for the cap- 
illary barriers. Micronic-sized holes were not considered because 
of potential problems with cleaning, clogging, etc. With the hole 
sizes under consideration, the device could not be tested in one- 
j g; it could operate only under the low-g environment of the mis- 
I sion. An advantage of using the larger hole sizes was that the 
I trap could be designed to refill during the longer-duration space- 
craft engine burns. 


Two other variations that could be applied to the Category A 
devices are also shown in Fig. II-l. A Fruhof post could replace 
the liner and capillary barriers could be added at other levels 
in the tank to provide better control of the ullage bubble 
location. 
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CATEGORY B DEVICES 


Both Category B and C devices make use of low-g fluid mechanics as 
an essential aspect of their operation. When the forces due to 
accelerations acting on a spacecraft are small in comparison to 
the capillary forces, surface tension and contact angle become the 
dominant factors that determine liquid position within a tank. In 
zero g, the equilibrium shape of the liquid-gas interface; is es- 
tablished when its curvature is the same at every point on the 
surface. The Category B and C devices are designed so that the 
uniform curvature condition results in a reservoir of liquid lo- 
cated over the tank outlet. The operation of the devices will be 
discussed in more detail in subsequent sections of this report. 


Category B devices extend from the bottom to the top of the tank. 
Figure II-2:(a) depicts the typical Category B device, the cruci- 
form. The taper and the cruciform cross section tend to orient 
most of the liquid toward the outlet. Liquid located at the op- 
posite end of the tank can flow along the cruciform to the outlet; 
the device itself provides communication. The split cruciform, 
shown in Fig. II-2(b), allows a gas bubble to be located symmetri- 
cally between the arms of the device. Another variation is il- 
lustrated in Fig. II-2(c). 



(a) Cruciform 


(b) Split Cruciform 


Fig. II-2 Category B Devioes 


(c) Flared Cruciform 



c. 


CATEGORY C DEVICES 


Category C devices function similarly to those in Category B. The 
primary difference is that the Category C device is only in con- 
tact with the outlet end of the tank- These devices are all es- 
sentially derivatives of the Fruhof propellant acquisition system 
developed by Martin Marietta for JPL under Contract NAS7-754 (Ref 
II-l) . The basic Fruhof post, shown in Fig. II-3(a), is the sim- 
plest of this type of device. Changes to the taper, size, and 
cross-section geometry are possible variations in the basic con- 
cept . 

To minimize the volume of the device, the larger Fruhof posts 
would be hollow. These larger posts are referred to as "stand- 
pipes." Under low-g conditions, the internal volume of the 
standpipe will fill with liquid to provide a reservoir at the tank 
outlet.* Possible variations are different tapers and two or three 
concentric standpipes as shown in Fig. II-3(b). 

A number of thin posts called "fingers" may be arranged off-axis 
to position the ullage bubble away from the outlet. The number and 
arrangement of the posts are variations. Some possibilities are 
shown in Fig. II-3(c). 

By adding vanes to the post, improved interface stability, and ul- 
lage positioning capability are obtained. The number of vanes and 
their profile are the variables considered. Figure II-3(d) il- 
lustrates some of these variations. 

In addition to the four basic types of Category C devices shown in 
Fig. II-3, there are a number of candidate devices that are combi- 
nations of the basic types. Some of the more attractive possi- 
bilities are illustrated in Fig. II-4. 

Because small amounts of liquid located at the end of the tank 
opposite the outlet may not be in contact with a Category C device, 
a means of providing communication must be added. This communi- 
cation has not been shown in the sketches of the devices; however, 
it would consist of some form of channel mounted on the tank wall 
so as not to compromise the ullage centering capability. The 
specific configuration and number of channels required would de- 
pend on the mission parameters and the device. 


*The radii of the standpipes under consideration are small in 
comparison to the tank radius so that the capillary pressure will 
tend to fill, rather than empty, the standpipe. 
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(b) Post with Small 
Vanes 



(c) Standpipe with 
Vanes 


(d) Standpipe with 
Small Vanes 


Fig. II-4 Category C Device Combinations 
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D . PRELIMINARY SCREENING 


Rather than analyzing all of the previously discussed candidate 
devices, a preliminary screening was accomplished. The objective 
of the screening was to select either the most representative de- 
vice(s) in each category, or the device(s) appearing to offer the 
most promise for meeting the spacecraft and mission requirements. 
As a result of the preliminary screening, the devices shown in 
Fig. II-5 were selected as candidates. 

Of the Category A devices, the compartmented tank has the most 
advantages. An ullage region is formed by the additional barrier, 
through which venting and pressurization can be accomplished. The 
cruciform was selected as the candidate in Category B due to its 
simplicity. It is the easiest to fabricate and install in the 
tank as a modular unit. 

Due to their varied modes of operation and expected performance 
differences, five Category C devices were selected as candidates. 
The tapered post has more capability than the other post devices. 
The straight-walled standpipe is the simplest standpipe device to 
fabricate and evaluate. Concentric standpipes complicate the 
tank outlet and the potential improvement in performance is not 
considered worthwhile. The combination device, post with fingers, 
is considered to be more capable than any of the pure finger de- 
vices. Fingers by themselves do not have sufficient surface area 
to orient the liquid. 

A vane device, with a heart-shaped profile was selected. This 
profile is the most effective in positioning the ullage bubble 
to vent the tank. A combination of the standpipe and the vanes 
is also considered an attractive device. 

Conceptual designs of each of these devices were accomplished, as 
discussed in the following chapter. Each design was then analyzed 
to determine its capabilities and limitations. During the anal- 
ysis, screening of the concepts was continued. When a device was 
found not capable of satisfying the mission requirements, it was 
dropped as a candidate. 
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(a) Compar tmented Tank 
Category A 



(b) Cruciform 
Category B 



(c) Post 
Category C 





(f) Vanes 
Category C 

Fig. II-S Candidate Devices 



(g) Standpipe with 
Vanes 
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III. 


ANALYSIS OF CANDIDATE CONCEPTS 


All aspects recognized to be associated with or pertinent to the 
operation of the candidate surface tension propellant acquisition 
concepts are considered in this chapter. Included are analyses 
of system operations, interaction with the pressurization and 
thermal control subsystems, and discussion of system fabrication, 
assembly, and tank installation. 


A. SYSTEM OPERATIONAL CONSIDERATIONS 


This portion of the analysis of the candidate propellant acquisi- 
tion devices was concerned primarily with their actual operation 
during the mission. The function of primary importance is the 
ability of the device to provide gas-free liquid to the engine as 
required. Any factors or conditions that could affect this capa- 
bility must be considered. Next in importance, the device must 
be able to provide for venting and pressurization, and control the 
center of gravity (eg) of the liquid. 

Each of the candidate concepts is described and its operation 
discussed in this section. Following the discussions of each 
candidate, some of the more general analyses applying to most of 
the concepts are presented. 

Compartmented Tank 

The compartmented tank was selected as the best representative of 
the Category A devices (retain liquid by using capillary barriers) . 
It consists of a trap plus additional barriers that subdivide the 
remainder of the tank into compartments. 

a. Design - The trap maintains a reservoir of liquid at the 'tank 
outlet, under all operating conditions, so that liquid will always 
be available for engine start. As the engine starts, liquid outside 
the trap settles over the coverplate. Liquid can then feed from 
above the coverplate, through the trap, and out of the tank. 

A coverplate retains liquid within the trap, and a liner forms an 
annular flow passage inside the trap to the tank outlet. The addi- 
tional barriers provide some control of the gas and liquid located 
outside the trap. One additional barrier will be considered for 
this design. It is located so that liquid will remain below the 
barrier and gas above the barrier throughout the mission. This 
allows the tank to be vented and pressurized through the ullage 
above the barrier. A sketch of the device is shown in Fig. III-l. 
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A propellant reservoir, with a volume equal to 10 percent of the 
tank volume, is formed over the outlet by the coverplate. The 
design approach was to size the trap so that all the propellant 
remaining after insertion into orbit will fit into the trap. The 
long-duration insertion burn will settle all the remaining pro- 
pellant into the trap. With all the liquid in the trap at this 
point, only the motion of the liquid within the trap need be 
considered. This approach minimizes the problems of settling, 
suction dip, loss of liquid from the trap, etc, during the re- 
maining short-duration burns. 

The coverplate is conical and is constructed of perforated plate. 
Holes in the plate are 1/2 in. in diameter. Two parallel plates 
with offset holes are used so that a completely wetted barrier 
can be maintained. If any part of the barrier should dry out, 
adverse accelerations will move liquid out of the reservoir until 
the barrier is rewet. A spacing between the perforated plates of 
1/8 in. will enable the gap between the plates to remain full of 
liquid, or refill if necessary, provided liquid is in contact 
with the barrier. 

A liner, constructed of perforated plate, provides communication 
between liquid in the reservoir and the tank outlet. The size 
of the annular gap and the number and size of the holes in the 
liner are determined by analyzing the flow losses through the 
annulus to the outlet. Pressure drop due to flow through the 
liner and along the annulus, head losses, and the effect of the 
change in flow area are considered. A complete discussion of 
the design of the liner can be found in Reference III-l. The 
annulus formed by the liner must remain full of liquid. If liquid 
is lost from the annulus, gas ingestion is possible. 

The additional barrier would be installed so that it would be at 
the height of the 1-g interface with the minimum initial ullage 
volume. Figure III-l shows its placement for the initial 20% 
ullage of the oxidizer tanks. For the fuel tanks, the 5% in- 
itial ullage would require the barrier to be located at a height 
of 1.73R. This barrier would be similar in construction to the 
coverplate of the trap. Gas would initially fill the volume 
above the barrier and liquid would be retained below as long as 
the barrier remained wet. 

b. Stability - Stability is based on the capillary pressure at a 
single pore in the perforated plate. A worst-case pore, at which 
the hydrostatic pressure is the greatest, is selected for the 
analysis. The stability of this type of device was previously 
investigated by Martin Marietta; the results can be found in 
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Reference III-2. In this application, axial stability is the 
same as that for a cylinder, i.e., Bo = 0.84 for a zero-degree 
contact angle. Lateral stability is defined by the <j> number: 


pah 

a [III-l] 


where 

p = density, 

a = lateral acceleration, 
r = radius of hole in perforated plate, 
h = hydrostatic head, 
a = surface tension. 

A critical <j> number of 2.0 establishes the stability limit for this 
condition. 

The selected hole size for the perforated plate provides a safety 
factor of 2, based on the diameter of the hole, for the worst-case 
application of the above stability design criteria. Because this 
device allows considerable overdesign, it can provide greater 
stability than the Category B or C devices. 

Under the accelerations resulting from an engine burn, however, 
both the coverplate and the additional barrier will not be stable. 
The size of the holes are large enough to make the interface at 
the holes unstable during engine burn. Also the hydrostatic pres- 
sure, due to the slope of the barriers, exceeds the capillary 
pressure at the holes. During the longer-duration engine burns, 
gas in the trap will be purged and any liquid displaced from the 
trap, for whatever reason, will re-enter the reservoir. The opera- 
tion of the additional barrier is similar. Any liquid that might 
have become located above the barrier would be forced out during 
the burn. 

Cruciform 


Category B devices extend from the bottom to the top of the tank 
and orient liquid over the outlet. The candidate device chosen 
from this category is the cruciform illustrated in Fig. III-2. 

This same device would be used in both the fuel and oxidizer tank. 
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Fig. Ill- 2 Cruciform 

a. Design - The shape of the cruciform determines how the liquid 
will orient about the device in low g. A capillary pressure dif- 
ference, which is proportional to the surface tension of the 
liquid and the curvature of the interface, exists across any in- 
terface. The magnitude of the pressure difference is given by 
the Young-Laplace equation: 


AP = 



[IH-2] 
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where 


AP = capillary pressure differential, 
a = surface tension,' 


Rl,R 2 = principal radii of curvature. 

The two principal radii are defined for a given point, A, on the 
interface as shown in Fig. III-3. The centers of the arcs lie on 
a line, AB, perpendicular to the surface and passing through the 
point A on the surface. R^ and R 2 lie in planes that are per- 
pendicular to one another and their intersection forms line AB . 

f is referred to as the curvature. A flat interface has 

\ R 1 r 2 / 

a curvature of zero and the more curved the surface (smaller 
radii of curvature), the higher the curvature. 


In zero g, pressures within the liquid are determined solely by 
the Young-Laplace equation. Pressure equilibrium will be reached 
within the liquid and a static interface will be established when 
the curvature at every point on the surface is the same. 



Fig. III-3 Principal Radii of Curvature 
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The cruciform device takes advantage of the above described 
phenomena. To establish a static interface in zero g, the 
sharp corners of the device must fill until curvature can be 
equalized. The base of the cruciform is wider than the top, so 
the majority of the liquid collects over the outlet. A small 
cross section at the top. of the device allows only a small amount 
of liquid to collect at that location. Communication from the 
top of the tank to the outlet is provided along the device itself. 

At low liquid volumes (less than 20% of the tank volume) , liquid 
collects symmetrically about the cruciform. The interface about 
the cruciform was calculated for the Flox tank under zero g with 
the volume remaining after the final orbit insertion burn (Fig. 
III-4) . It was assumed that the vanes of the cruciform were com- 
pletely full of liquid, which is 31.2% of the total amount of 

liquid. Of the remainder, 64.2% of the liquid is at the outlet 

and 4.5% of the liquid is at the opposite end of the tank. In 

zero g sufficient liquid is oriented over the outlet to permit 
start of the spacecraft engine. Once started, all the liquid 
will be settled so that a supply of propellant can be maintained 
for the duration of the engine burn. 



Fig. Ill- 4 Zero-g Interface for the Cruciform 
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For larger liquid volumes, the two interfaces at the top and bottom 
of the cruciform join to form a single interface whose shape is no 
longer clearly defined. One possible solution is an axisymmetric 
toroidal bubble of circular cross section; however, this is not 
the most stable configuration. A slight lateral disturbance will 
cause an offset, unsymmetrical kidney-shaped bubble to form. When 
this device was tested in the drop tower, the formation of the 
offset ullage bubble from the less stable toroidal bubble was 
demonstrated. Since the location of the ullage is indeterminate 
at the larger liquid volumes, neither venting nor pressurization 
could be reliably accomplished with this device. 

The primary advantage of this category of devices is the good com- 
munication between the opposite ends of the tank. If liquid were 
displaced from the outlet, the large cross section of the device 
would readily return it. At the same time, this device has the 
disadvantage that a considerable portion of the liquid is held 
within the vanes and at the top of the tank, rather than over the 
outlet (Fig. III-4) . This liquid holdup about the device aggravates 
settling, slosh, and suction dip problems during engine start. 

3. Stability - For this type of device, stability refers to the 
ability of the device to hold liquid about itself (over the tank 
outlet) under the effect of an adverse acceleration acting on the 
system. A stable liquid interface implies that no flow of liquid 
takes place under the applied acceleration environment. As the 
acceleration acting to move liquid away from the outlet is in- 
creased, however, a point will be reached at which a given volume 
of liquid will no longer be stable. Some liquid will flow away 
from the base of the device and a stable interface will be rees- 
tablished with a new, reduced liquid volume at the device base 
over the outlet. The axial and lateral stability of the device 
will be considered independently. 

Some of the candidate devices allow an exact analysis of the axial 
stability limits to be performed. The analytical tools presently 
available do not allow an exact analysis of the stability of the 
cruciform, but its relative stability can be deduced. For any 
given axial acceleration the cruciform would hold a larger volume 
of liquid over the outlet than would the post or the post with 
fingers. However, it would be less stable than the vaned devices. 

At the lower liquid volumes having a symmetrical interface, the 
relative stability of the cruciform to lateral accelerations would 
again fall between the post devices and the vane devices. At the 
larger liquid volumes, the offset ullage bubble has no stability. 
Any lateral disturbance will cause the bubble to be relocated to 
the side of the tank opposite the direction of the acceleration 
acting on the liquid. 
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3. 


Post 


Due to their varied operation and performance, five Category C 
devices (contact only the bottom of the tank over the outlet and 
orient liquid at this location) were selected as candidates. The 
simplest of these Fruhof-type devices is the post. The candidate 
designs for the oxidizer and fuel tanks are illustrated in Fig. 
I1I-5 and III-6, respectively. Geometrically, the device is an 
inverted, truncated cone located over the tank outlet. 

Each of the Category C devices includes a communication channel. 
Operation of the channel is included with the discussion of the 
standpipe with vanes, 

a- Design - To select the diameter and taper of the posts, their 
effect on liquid orientation was evaluated for a single volume. 
Height of the post is arbitrary for this analysis. Before the 
last orbital trim burn, the volume of Flox is 0.312% of the tank 
volume. This volume was chosen because it is the smallest last 
burn volume fraction for both propellant combinations. The 
largest acceleration tending to move liquid away from the device 
was assumed to be acting on the tank. 

The results for five different posts are compiled in Table III-l 
and the interfaces are shown in Figure III-7. The point at which 
the interface contacts the post indicates how closely the liquid 
is held about the device. To provide a reference, the interface 
in a bare tank was calculated. The liquid is positioned in a 
thin layer at the end of the tank opposite the outlet. A post 
will hold the liquid in position over the outlet. As the diameter 
of the post increases, the liquid moves closer to the post; the 
same effect is achieved by increasing the taper. But, increasing 
the size of the post has the disadvantage of moving the liquid 
farther away from the centerline of the tank and decreasing the 
volumetric efficiency of the system. Configuration 4, selected 
for the post, is a good compromise between volumetric efficiency 
and retention capability. 

Table III-l Effect of Post Configuration on Interface Shape 



Post Diameter Ratio, 

K 

Taper , 
deg 

Liquid Contact Point Ratio, 

R 

Configuration 

Top 

Bottom 

Post 

Tank Wall 

Bare Tank 

— 

— 

— 

0.012 

(at centerline) 

0.487 

1 

0.1 

0.1 

0 

0.133 


2 

0.2 

0.2 

0 

0.167 

Ha 

3 

0.1 

0.05 

1.73 

0.100 

WSBSSm 

4 

0.2 

0.1 

3.45 

0.145 


5 

0.3 

0.1 

6.87 

0.156 

0.121 


R = tank radius; d = post diameter; h = liquid height at post or tank wall. 
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ullage volume, 
positioning 
as venting, 
the near 
III-8 estab- 
The sketch 


The height of the post is determined by the initial 
An acquisition device should be capable of uniquely 
the ullage bubble so that mission requirements such 
pressurization, and eg control can be met. If only 
zero g conditions are considered, the curve in Fig. 
lishes the height of the post versus ullage volume, 
in the figure shows how h is defined; the volume plotted on the 
horizontal axis is the volume of the spherical bubble as a per- 
centage of the tank volume. In zero g, the equilibrium configura- 
tion for the ullage is a spherical bubble. A post of height h 
provides one location between the top of the post and the top of 
the tank at which the bubble can be positioned. For the simple 
post, this is a unique location only if the volume of the gas 


bubble is greater than 12.5% 


(l- 1 -°) 


When the volume is less 


than 12.5% and the diameter of the post is small, there are other 
locations around the side of the post where the bubble can be 
spherical. For a 20% ullage volume, a post height of 0.83R would 
uniquely position the ullage. The height of the post would be 
1.26R for a 5% ullage, but this post will not guarantee the 
positioning of the bubble and will only interfere with the posi- 
tioning of a larger ullage bubble. For this reason, the height 
of the post for the fuel tank was limited to 1.0R. When the 
ullage volume is less than 12.5% in the fuel tank, the location 
of the bubble is indeterminate. 


b. Interface Shapes - Zero-g interface shapes were calculated for 
the post device in the oxidizer tank. The oxidizer volumes used 
are those for the Flox tank at various points in the mission. 

These interface configurations are shown in Fig. III-9. 

a. Stccbiti-ty - The axial stability of a liquid interface about a 
post was analyzed. A critical Bond number, defining the boundary 
between the stable and unstable regimes, was found by first cal- 
culating the free surface shape for a given liquid, geometry, and 
acceleration, and then mathematically perturbing the surface. A 
stable or unstable reaction to the pertubation can be detected. 

By testing various Bond number interfaces, the critical Bond 
number can be established. This technique was verified by re- 
producing the critical Bond numbers for a cylinder with contact 
angles between 0 and 90 deg and annular tanks with various angles 
and radii. 
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Fig , III-8 Post Height vs Ullage Volume 




The analysis was then extended to spherical tanks with a cylindri- 
cal post located over the outlet. This configuration represents 
either a post or standpipe propellant acquisition device. Liquid 
volume, contact angle, and the geometry of the tank were chosen 
as the variables to define the problem. The Bond number was cal- 
culated using the radius of the tank as the characteristic dimen- 
sion. The acceleration of interest is that acting to move the 
liquid away from the post to the opposite end of the tank. 

Some representative results of the stability analysis are shown 
in Fig. III-10. Critical Bond number is plotted versus the liquid 
volume percent for three post diameters and a contact angle of 
5 deg. A 5--deg contact angle is necessary because of problems 
inherent in the numerical methods at smaller contact angles. Five 
degrees does not appreciably change the results from what would be 
obtained at zero degrees and is a typical compromise used in 
low-g fluid mechanics calculations. 

At either near zero Bond number or very small liquid volume, the 
liquid will be stable. The greatest variation in stability occurs 
over the range of volumes and Bond numbers shown. Any combination 
of Bond number and volume^ falling below a line for a given post 
diameter is stable, while any combination above the line is un- 
stable. It can be seen that the effect of increasing the diameter 
of the post is to increase the stability of the system. If the 
acceleration acting on a given system is such that the system is 
unstable, an adjustment in liquid volume will occur. Liquid will 
flow to the opposite end of the tank until the volume of liquid 
at the post is reduced to the point at which the interface is 
stable. This analysis has yet to be extended to tapered posts, 
but their stability can be estimated from the results for a cylin- 
drical post. The taper will improve the stability of the device, 
so it would be expected that the post design in Figure III-5 would 
have a stability curve between those for a 0.1R diameter post and 
a 0.2R diameter post. The results of the experimental program 
stability tests were consistent with the above analysis. The test 
results are discussed in Chapter IV. 

Of the four propellants, Flox will be the least stable because it 
has the smallest kinematic surface tension (ratio of surface 
tension to density) . The low surface tension of Flox magnifies 
the problem of designing a device which will provide sufficient 
interface stability. The maximum axial adverse acceleration acting 
on the tank is 3 x 10 -7 g, which yields a Bond number of 0.064 for 
Flox. Under this acceleration, approximately a 5% liquid volume 
would still be retained about the post. While this amount seems 
adequate, a complete analysis of the dynamic effects of an engine 
start with that amount of liquid must be considered. These effects 
are discussed later in Subsection 8. 
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Liquid Volume % 


Fig. III-10 Stability of Liquid About a Cylindrical 
Fruhof Post in a Spherical Tank 
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The liquid interface about the post will become "stuck" when the 
volume of liquid reaches a certain percentage of the tank volume. 
An example of a stuck interface is shown in Fig. III-9(a) while 
the contact angle is satisfied at both the post and the tank wall 
in Fig. III-9(b) . In Fig. III-9(a), the interface is stuck at the 
top of the post and the angle formed by the interface and the post 
is much larger than the contact angle. 

The stability of a stuck interface, relative to an interface that 
satisfies contact angle, is significant in the design of the 
acquisition devices. Part of the stability analysis was repeated 
for the stuck interface. The 0.2R diameter post was used for 
comparison, but the height of the post was limited to 0.25R. For 
a volume of 1.85% at the critical Bond number, the interface has 
just become stuck. It forms an angle of 5°, the contact angle, 
with the post, but a slight increase in volume will increase that 
angle. Therefore, the same critical Bond number is obtained at 
this point as was obtained previously. As shown in Figure III-ll, 
increasing the volume of liquid with a stuck interface produces 
a significant decrease in the critical Bond number in comparison 
with the contact angle satisfied interface. At liquid volumes 
near 6% of the tank volume, a stuck interface is about 30% less 
stable than an interface that satisfies contact angle. 

Two points on the stuck interface curve are illustrated in Fig. 
III-12. Figure III-12(a) shows the contact angle satisfied condi- 
tion just prior to the point where the interface first becomes 
stuck as the volume is increased. The configuration shown in 
Fig. III-12(b) represents a stuck interface condition with 7.6% 
liquid volume which forms an angle of 50° with the post. 

This analysis demonstrates that a stuck interface is less stable 
than an interface that satisfies contact angle, all other factors 
remaining constant. This should be kept in mind when designing 
any acquisition device. If interface stability is critical for 
a given range of liquid volumes, the dimensions of a device could 
be increased. This would increase the liquid volume at which the 
interface becomes stuck and improve the stability of the device 
over the liquid volume range of interest. 
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Fig. III-ll Effect of a Stuck Interface on Stability 
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Lateral stability of the post concerns the ease with which the 
centered ullage bubble can be laterally displaced from that loca- 
tion. As the bubble is displaced, it must be distorted from its 
spherical shape, and capillary forces will be produced that tend 
to recenter the bubble. Lateral stability of the post can not be 
analyzed as easily as axial stability. Some quantitative data 
were provided by the stability tests conducted in the drop tower 
(see Chapter IV) . These tests also demonstrated the relative 
lateral stability of the post with respect to other devices. 

When compared with the other candidates, the post has little 
effect on the shape of the bubble as it is displaced from the 
centered position. Therefore, it has the least lateral stability, 
and any lateral disturbance would produce an offset ullage. How- 
ever, the post would be capable of recentering the bubble after 
the disturbance was removed. 

Based on the analysis of the post operation, it was concluded that 
this device is not as capable as the other candidate concepts in 
meeting the mission requirements. The most significant weaknesses 
of the post device are: 

1) The device for the fuel tank is not capable of positioning the 
ullage bubble at volumes less than 12.5%; 

2) The stability of the device is lower than any of the other 
candidate devices; 

3) At contact angles greater than 2° , communication channels will 
not function. This problem is discussed in detail in the 
analysis of the channels presented later in Subsection 7. 

Because of these problem areas, the post device was eliminated as 
a candidate prior to the actual evaluation phase. 

Standpipe 

The standpipe is another Category C device. It is essentially a 
large-diameter, hollow post. Standpipe designs for the oxidizer 
and fuel tanks are shown conceptually in Fig. III-13 and III-14, 
respectively. Openings are provided about the base of the stand- 
pipe so it can fill with liquid. 

a. Design - The post analysis showed that increasing the diameter 
caused the liquid to be held closer about the device. For the 
post, large diameters are a disadvantage because the volumetric 
efficiency of the system is significantly decreased. With the 
standpipe, this effect is slight, permitting the use of larger 
diameters . 
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Design of the outlet for the standpipe presents one of the dis- 
advantages of the large-diameter device. At small liquid volumes, 
liquid collects on the inside and outside of the standpipe at the 
point it meets the tank wall. This toriodal volume must be fed 
to an outlet on the tank centerline. Some form of manifold lo- 
cated at the base of the standpipe would be required. 

Height of the standpipe is determined in a manner similar to that 
used for the post. The curve of height versus ullage volume in 
Fig. III-8 also applies to the standpipe. For the 20% initial 
ullage volume of the oxidizer tank, a height of 0.83R will uniquely 
position the bubble. Positioning of the bubble for a 5% ullage 
presents a problem for the standpipe, as it does for the post. 
However, the diameter of the standpipe has some effect on the 
positioning. A 5% spherical bubble has a diameter of 0.74R. 

This size bubble is always tangent to the tank wall and a con- 
centric sphere of 0.26R radius, as shown in Fig. III-15. There- 
fore this bubble would always be in its equilibrium, spherical 
configuration wherever it is positioned between the wall and the 
0.26R radius sphere. If the standpipe has a radius larger than 
0.26R, a unique position in which the bubble can be spherical is 
formed. For example, a 0.3R radius standpipe, drawn with dashed 
lines in Fig. III-15, allows the bubble to be in its equilibrium, 
spherical configuration at only the centered position. But 
further analysis of the 0.3R radius standpipe shows that there 
are other stable states, although not as stable as the spheri- 
cal bubble. 

If the bubble is initially located off to the side of the stand- 
pipe, it will be distorted since a spherical bubble can not fit 
into the space available. As the capillary forces push the 
bubble toward the top of the tank, the area of the path becomes 
constricted. The area between the standpipe and the tank wall 

reaches a minimum, labeled A . in Fig. III-15, at the top of the 

mm 

standpipe. The base of the standpipe produces capillary forces 
that act to center the bubble, but the constriction at the top 
of the standpipe also produces capillary forces that oppose the 
centering. Therefore, an equilibrium position at which the forces 
are balanced will be reached when the bubble is offset to the side 
of the standpipe. The bubble will center only if the area of the 
path continues to increase as the bubble is centered. Otherwise 
other stable states will exist. The drop tower tests demonstrated 
the existence of these other stable states for the standpipe. 

Photos of the bubble position during testing with a standpipe 
are in Chapter IV. 
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For the above reasons, it can be seen that extending the standpipe 
beyond a height of 1.0R in the fuel tank has no advantage. Center 
ing of the ullage bubble must be sacrificed for ullage volumes les 
than 12.5% with the standpipe system. The internal volume of the 
standpipe for the oxidizer and fuel tanks is 2.5% and 3%, respec- 
tively . 

b. Interface Shapes - The shape of the interface about the stand- 
pipe would be similar to the interfaces shown previously for the 
post, except that the curvature would be increased due to the 
larger diameter of the standpipe. At the larger liquid volumes, 
the standpipe will be full of liquid. The curvature of the in- 
terface within the standpipe is greater than the curvature of the 
interface outside the standpipe. This causes the pressure of the 
liquid to be less within the standpipe, so filling must take place 
to equalize pressures- Only when the interface of the liquid 
inside reaches the top of the standpipe and becomes stuck will 
the curvature decrease and establish pressure equilibrium. 

When the liquid volume is on the order of the volume of the stand- 
pipe, however, equilibrium between liquid inside and outside the 
standpipe can be attained without the internal interface becoming 
stuck. Inside the standpipe, the curvature of the interface 
remains constant for any volume, as long as the interface ib not 
in contact with the bottom of the tank. Outside, the curvature 
varies inversely with the volume. Given the curvature of the 
interface inside the standpipe, liquid will transfer either into 
or out of the standpipe until pressure equilibrium is established. 
This equilibrium condition was calculated for three standpipes of 
different diameters and the results are listed in Table III-2. 


Table III -2 Volume of Liquid Outside Standpipe 


Standpipe Diameter 

Liquid Volume Outside 


Standpipe, Percent of 

K. 

Tank Volume 

0.3 

0.031 

0.4 

0.091 

0.5 

0.221 


For the 0.4R diameter ratio standpipe, a small percentage of the 
liquid will be outside the pipe, while most of the liquid will 
remain inside. The equilibrium condition for this standpipe is 
shown in Fig. III-16. 
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Fig. III-16 Equilibrium Configuration for the Standpipe 

a. Stability - Axial stability of the standpipe can be established 
directly. Within the pipe, the critical Bond number based on the 
radius of the standpipe is 0.84 for a zero contact angle. Rede- 
fining the Bond number by using the tank radius, based on a 0.4R 
diameter standpipe, the critical Bond number is 21. A very stable 
reservoir of liquid is provided by the standpipe. 

Outside the standpipe, the stability is given by the same curve 
used for the post (Fig. III-10) . The critical Bond number is 2.5 
for a liquid volume of 5% outside the standpipe. 

At low ullage volumes, the lateral stability of the standpipe is 
much like that of the post. Since the standpipe has a larger 
diameter, it applies a larger centering force for a given dis- 
placement of the ullage bubble. At ullage volumes less than 
12.5%, the device in the fuel tank cannot center the bubble, so 
it has no lateral stability under those conditions. Due to the 
configuration of the device, liquid located inside the standpipe 
is very stable under the effect of lateral accelerations. 
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5. 


Post with Fingers 


This device is a composite of the post, previously discussed in 
Subsection 3, and a finger device. By themselves, the fingers 
were not considered adequate because their ability to position 
liquid is weak and they provide very little stability. But, when 
• the two devices are combined, one device makes up for the weak- 
nesses of the other. The devices for the oxidizer and fuel tanks 
are shown in Fig. III-17 and III-18, respectively. 

Four fingers, each a metal rod bent to a specified profile, are 
used with the post for the oxidizer tank. The profile extends 
from the base of the post to the point at which it would contact 
the spherical ullage bubble. The ullage bubble is uniquely posi- 
tioned by the post alone, so the fingers only reinforce that 
positioning . 

Six fingers are used with the post for the device in the fuel tank 
With the fingers, the only point at which the bubble can be spheri 
cal is the centered position. The height of the post has been 
extended to 1.26R in this application. Other stable bubble posi- 
tions are possible though, due to the weak positioning effect of 
the fingers. If the bubble is initially centered, the fingers 
will assist the post in maintaining the bubble in that position 
against a lateral disturbance. Under ideal conditions in the drop 
tower tests, the post with fingers performed rather well (see 
Chapter IV) . 

Stability of the device in the axial direction is the same as the 
post by itself. In the lateral direction, there would be some 
improvement due to the fingers. 
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6 . 


Vanes 


This Category C device consists of a number of vanes radiating 
outward from a small central post, as shown in Fig. III-19 and 
III-20. Only the profile of two of the six vanes is shown for 
clarity. The post serves as a structural member and has little 
effect on the operation of the device. 

a. Design - The primary variables involved in the design of vane 
devices are the number of vanes and the vane profile. Height of 
the device is established by Fig. III-8, as it was for the other 
Category C devices. 

1) Vane Profile Limits - The objective in designing the vane 
profile is to make the centered position the only position in 
which the bubble will be in equilibrium. A bubble located else- 
where will be acted upon by capillary forces that will pump it 
toward the centered position. There are two limits applicable 
to the vane profile; these are an inner profile limit that must 
be exceeded and an outer profile limit whose application is op- 
tional . 


The inner limit establishes a profile that allows the ullage 
bubble to be tangent to the tank wall and just touch the vanes. 

The centered position becomes a unique ullage equilibrium posi- 
tion by always keeping the vane profile outside the inner limit, 
except for the centered position. This inner profile limit is 
only applicable to ullage volumes less than 12.5%. Even a simple 
post will uniquely position the bubble when the volume is greater 
than 12.5%. 

i 

The relationship between the ullage bubble and the vanes that 

establish the inner limit is shown in Fig. III-21(a) and (b) . In 

Fig. III-21(b), the angle a is a function of the number of vanes 

and the angle d> . L . is the length of the vane, measured from 

mm 

the center of the tank, such that two vanes will contact the given 
ullage bubble. The following equations define the inner limit: 

L . = (R - r) cos - \l r 2 - sin 2 ^ (R - r) 2 [III-3] 

min 2 V l 


[III-4] 
[HI-5] 

0 = angle between vanes when <}> = 0 , 

V = ullage volume as a percent of tank volume. 


a = 0 cos <j> 



where 
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A phenomena called "bubble breakup" defines an outer limit to the 
vane profile. . Application of this limit to the design of the 
vane depends on a number of factors that will be discussed after 
the limit has been defined. Breakup of the ullage bubble was demon- 
strated with vaned devices in the drop tower tests. To cause 
the breakup to occur during the drop test, the vane devices were 
inverted and small ullage volumes (5 to 20% ullage) were used. 

At the beginning of the test, the ullage is located at the base 
of the device. Once the system enters low g, liquid fills the 
gap between the edge of the vane and tank wall, splitting the 
ullage into a number of bubbles before the whole bubble could be 
pumped away from the outlet. This ullage splitting can occur so 
that there will be a bubble between each vane. These small bubbles 
can be spherical and still fit within the vanes, so that no capil- 
lary forces act to move them further from the outlet. These bubbles 
would be buoyed away from the tank outlet and would not be ingested 
when the engine starts, as discussed later in Subsection 8. How- 
ever, should a breakup of the ullage occur, there would no longer 
be a centered ullage for the purposes of venting and pressuriza- 
tion. An outer vane profile limit, within which this breakup 
will not occur, can be established. Figure III-21(a) and (c) 
illustrates the geometry of the criteria. In this case, the point 
at which the circle is tangent to the vane determines the length 

L . When the length of the vane at angle <j> is less than L , 
max max 

pinchoff of the ullage will not occur, and the bubble will be 

pushed away from the outlet without breaking up. 


The criteria for the maximum length can be expressed as follows: 


max 


R cos | 

0 x\ 

~2 cos 4 >; 

• / 6 
sxn | — 

COS (j)) + 1 
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where the variables are the same as those used to define the inner 
limit. The outer limit is only a function of the number of vanes, 
as shown in Fig. III-23. Vanes were designed with profiles that 
were within the outer limit. These were tested in the drop tower 
and no breakup of the ullage bubble occurred. 

The profile of the vane in the vicinity of the outlet can go beyond 
the outer limit without causing breakup. An example is the profile 
for an eight-vane system shown in Fig. III-24. When the profile 
exceeds the limit, as shown, and extends so that it comes into con- 
tact with the tank wall, breakup of the ullage does not occur. 

The small protion of the vane device, which is outside the limit, 
rapidly fills as the system enters a low-g environment, so it does 
not affect the orientation of the bubble. 
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III-24 Vane Profile at Outlet 
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The profile of the candidate vane devices in Fig. 111-19 and III-20 
exceeds the bubble breakup outer limit. For the fuel tank, the 
vane profile passes through the limit near the tank equator. The 
corresponding point for the oxidizer tank occurs at about 25° below 
the equator. The reason for extending the vane profile beyond the 
limit is to improve the operation of the device at lower liquid 
volumes. This is considered highly important in obtaining gas- 
free liquid expulsion during the terminal phase of the mission. 
Breakup of the ullage is possible, but not probable. When the 
mission acceleration environment is considered, it is seen that 
conditions leading to ullage breakup are so unlikely that this 
factor should not influence system design for this application. 
Reasons for this conclusion are discussed in the following para- 
graphs . 

2) Vane Pumping Capability - The capillary forces acting to center 
the ullage bubble should continue to increase as the bubble is 
displaced from the centered position. No stable states, other 
than the centered position, should exist as was found for the 
standpipe. It is not sufficient to just increase the radius of 
the vane profile as it progresses from the tank centerline to the 
outlet. Due to the divergence of the vanes, the capillary pumping 
effectiveness of the vanes tends to decrease with the distance 
from the tank centerline. 


Vane profiles were analyzed by calculating the capillary forces 
acting on a bubble of a specified volume as the bubble is dis- 
placed from the centered position. The effectiveness of the vanes 
and the shape of the bubble was approximated, so the force acting 
on the bubble becomes proportional to the difference in curvature 
between opposite ends of the bubble. A sketch of the geometry is 
shown in Fig. III-25. It was assumed that the effective profile 
determines how the bubble fits within the vanes. Circular arcs 

of radius r , r, , and r form the ullage bubble; therefore, the 
a b c 

capillary pressure difference across the bubble is: 



or 



[III-8] 


III-35 



Tank Wall 
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Fig, III-26 Pimping Capability vs Ullage Volume 



Letting AK — , the difference in curvature, AK, was calcu- 

b a 

lated as a function of the displacement, <f> , for a given vane pro- 
file, number of vanes, and ullage volume. An example of the 
results is shown in Fig. III-26. The vane profile shown is for 
an eight-vane system. The pumping capability, AK, is superimposed 
on the profile using polar coordinates. AK is measured radially 
from the tank center and the displacement is referenced to the 
center of the bubble. 

When the bubble is centered, AK is zero, and the bubble is in its 
stable state. As the bubble is displaced AK increases, indicating 
the existence of a centering force. The curve for a 5% ullage 
shows that this vane profile does have another stable state at a 
displacement of 80°, at which the value of AK becomes very small. 
The effective profile has a region in which the radius decreases 
slightly. Increasing the ullage to 10% eliminates this other 
stable state. There is a region in which the centering force 
reaches a minimum, but the force is always present. At 10% ullage, 
the bubble spans the region in which the profile effectiveness 
decreases, so the effect is less significant. It can be seen 
that the profile is least effective in centering the bubble at 
the minimum ullage volume. Through a process of specifying the 
effective vane profile and calculating the actual vane profile, 
the centering capability of the device can be optimized. Vane 
profiles using this approach for 6-, 8-, and 12-vane devices are 
shown in Fig. III-27 thru III-29. In each case, the bubble break- 
up outer limit was used as a design criterion. 

When the outer profile limit is exceeded, as it was for the se- 
lected vane device profile, the larger vane profile increases the 
effective profile of the vane. Therefore, a significant increase 
in the pumping capability of the vane device is obtained by ex- 
ceeding the outer limit. This is another reason for not using 
the outer limit as a design criterion. 

Vane profiles for a 20% ullage volume were determined using the 
same approach. Due to their smaller height, a continuing increase 
in centering force is easily obtained. 
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b. Stability - Drop tower tests were used to establish the axial 
stability of the vane devices. Based on the results, the devices 
hold a significant amount of liquid over the outlet when axial 
accelerations equal to and greater than mission accelerations are 
acting on the device. The results are discussed in detail in 
Chapter IV. 

Axial stability is a function of the interface curvature; the 
higher the curvature the more stable the interface. A perforated 
plate is highly stable because the interface at each hole in the 
plate has a high curvature. On this basis, the relative stability 
of various vane devices can be determined. In general, vane de- 
vices are more stable than the standpipe, but they are less stable 
than a standpipe with vanes. Liquid within a standpipe is more 
stable than liquid about a vane device, but the volume of liquid 
that can be held in the standpipe is limited. When comparing 
liquid outside a standpipe with that about a vane device, the 
vane device offers more stability. Considering only vane devices, 
increasing the number of vanes increases the stability. 

Lateral stability depends on the pumping capability of the vane 
device. As the bubble is laterally displaced, the capillary force 
increases until it balances the hydrostatic pressure of the liquid. 
For the given mission, lateral disturbances will be produced by 
firing the attitude control system (ACS) thrusters and by boom 
deployment . 

Those disturbances produced by the ACS will be considered first. 

The ACS thrusters operate in a pulsing mode, firing 0.1 sec once 
every 1 to 4 sec as the spacecraft attitude is being changed. A 
mechanical analog model was conceived to describe the motion of 
the ullage bubble due to ACS thrusting. This analog is a spring- 
mass system where the spring represents the capillary pumping 
capability of the acquisition device. As the ullage bubble is . 
displaced from its centered, equilibrium position, a restoring 
force, which is proportional to the displacement, acts to recenter 
the bubble. The mass of the analog is equal to the mass of the 
liquid being displaced by the bubble motion. For conservatism, 
no viscous damping was considered.’ The acceleration produced by 
the ACS thrusters is acting on the system. 

The model was used to analyze the vane devices shown in Fig. III-27 
thru III-29. Displacement of the center of the bubble was obtained 
as a function of time. Using the vane device illustrated in 
Fig. III-28, the displacement with time shown in Fig. III-30 was 
obtained. Continuous firing of the thrusters for 15.6 sec will 
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move the ullage bubble so that the pressurization/vent line is 
submerged in liquid, while a 0.1-sec pulse only moves the bubble 
about 0.001 in. These results are typical for any of the vane 
devices. This analysis indicates that the vane profile does not 
have to provide large centering forces (the spring constant of 
the analog) to keep the ullage bubble positioned due to disturb- 
ances produced by the ACS. The analysis only considered the 
effect of a single pulse; continued periodic pulsing is evaluated 
later in Subsection 8. 



Time, sec 


Fig. III-30 Ullage Bubble Displacement vs Time 


After the ACS thrusters have set the spacecraft into motion, it 
continues to rotate at a constant angular rate. A constant angular 
acceleration would be acting on the liquid as the spacecraft ro- 
tates. According to the spacecraft criteria, a lateral accelera- 
tion as large as 3 x 10~ 7 g could be produced by the spacecraft 
rotation. This acceleration would not cause any significant liquid 
displacement and the ullage bubble would remain centered. 
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Boom deployment produces disturbances which will last for a period 
of 45 sec. With the magnitude and duration of this disturbance 
(up to 8 x 10~ 5 g for 45 sec), it is difficult for a vane device 
to hold the ullage bubble in contact with the vent port. The 
lateral stability tests confirmed that the bubble will be dis- 
placed to the side of the tank for accelerations of that size. 

The pumping capability, AK, of the vanes can be used to obtain 
an approximation of the lateral acceleration necessary to move 
the bubble away from the vent port. A capillary pressure was 
calculated using the value of AK for a bubble displaced to the 
point at which it is about to lose contact with the vent. An 
acceleration was then calculated that would produce a hydrostatic 
pressure across the bubble equal to the capillary pressure. Typi- 
cal values for this acceleration were on the order of 1 x 10~ 5 g 
for the selected six vanes, 2 x 10" 5 g for eight vanes, and 
4 x 1CT 5 g for 12 vanes. Therefore, these vane devices would 
not allow venting during boom deployment. 

The possibility of ullage bubble breakup occurring during boom 
deployment was considered. For bubble breakup to occur with the 
candidate vane device, the ullage must be displaced so that it 
is entirely within the region of the vane device that exceeds 
the outer profile limit (tank outlet region) . Breakup of the 
ullage bubble would then occur as the system reverts to a zero-g 
environment. If any of the ullage bubble is outside the region 
in which the profile exceeds to outer limit, there is no way to 
isolate portions of the bubble within the vanes. 

Using the approach described above, the acceleration necessary to 
displace the bubble to the region of the device in which the 
profile exceeds the outer profile limit was found to be on the 
order of 2 x 10 -4 g for the selected six-vane devices. None of 
the mission disturbances are this large. When the acceleration 
is removed, the bubble will be pumped back out of the vanes and 
recentered . 

c. Interface Shapes - With all the previously discussed acquisi- 
tion devices, the interface is completely symmetrical (the inter- 
face is the surface of revolution formed by rotating a line about 
the centerline of the tank) when there is no lateral disturbance 
acting on the system. Such interfaces can be exactly calculated 
for any given liquid volume, axial acceleration, and contact angle 
because the problem is reduced to only two dimensions by the 
symmetry. Vane devices, however, have three-dimensional inter- 
faces, making the problem of determining the shape of the interface 
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very complex. The shape of the Interface can be approximated, 
but techniques for exactly calculating such interfaces have not 
been developed. Drop tower tests were used to supplement the 
approximate techniques for determining the shape of the interface. 

At low ullage volumes, the interface is a sphere or ellipsoid in 
low g. In the analysis described above, approximate methods of 
calculating the interface shape were used to determine the posi- 
tioning and the stability of the initial ullage volume. 

In determining the ability of the vane device to provide a gas- 
free supply of liquid to the engine, the shape of the interface 
at low liquid volumes is critical. The ideal acquisition device 
would position all the liquid directly over the outlet in sort 
of a dome shaped mass so that the distance from the interface to 
the outlet was constant. With such a device there would be very 
little settling or splashing of the liquid as the engine starts. 
During the critical period in which liquid is flowing to the 
engine and acceleration is still increasing, the large volume of 
liquid over the outlet will eliminate suction dip. The interface 
can be drawn into the outlet if sufficient liquid is not avail- 
able . 

For the vane device, the number of vanes and their profile in- 
fluence the liquid interface. The curvature of the interface 
must be the same everywhere, so the device should have its sharpest 
corners at the outlet. If this is done, more liquid will have to 
collect at the outlet before the curvature could be reduced to a 
value equal to the curvature elsewhere. 

The greater the number of vanes, the sharper the junction between 
the vanes at the central post. This will cause liquid to fill the 
vanes in preference to the base of the device. Various numbers 
of vanes were tested in the drop tower to demonstrate this fact. 
With a 12-vane device, most of the liquid is within the vanes, 
leaving very little directly at the outlet. A six-vane device 
will still center the ullage bubble, but only a small amount of 
liquid will be drawn up into the vanes. 

The profile of the vane works in conjunction with the number of 
vanes to determine where the liquid will position with respect to 
the device. A profile that becomes broader as it nears the outlet 
will tend to orient the liquid toward the outlet. This is the 
reason for the profile of the candidate devices, as opposed to 
the profile shown in Fig. III-27. This effect was also demon- 
strated in the drop tower tests. 
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In comparison to the ideal acquisition device discussed above, 
the vane device is less effective in orienting small liquid 
volumes. A tall device is required for centering the ullage 
bubble, but a short device would orient small liquid volumes in 
the preferential location over the outlet. Because of the height 
of the device, some liquid will be held up in the vanes, but 
this was minimized by using only six vanes and the selected pro- 
file. When the engine starts, this liquid will settle, causing 
some splashing at the surface. Liquid already oriented at the 
outlet will not be distributed, so it will isolate the outlet 
from the action of the settling liquid. The possibility of in- 
gesting gas bubbles generated by the settling is discussed in 
Subsection 8 of this analysis. 

Standpipe With Vanes 

This Category C device is a combination of the standpipe and vane 
system. The configuration of the candidate device is shown in 
Fig. III-31 for the oxidizer tank and in Fig. III-32 for the fuel 
tank. The number and profile of the vanes are the same as the 
vane device discussed in the previous subsection. Performance and 
operation of this device is similar to that for the vane device. 
Only the variations will be discussed here. 

a. Standpipe - A tapered standpipe, which is smaller than the 
basic standpipe device, is used. The internal volume of the 
standpipe is 0.4% of the tank volume in the oxidizer tank and 
0.9% in the fuel tank. Liquid outside the standpipe feeds directly 
to an annular outlet that surrounds the base of the standpipe. 

Large openings in the base allow liquid to enter and leave the 
standpipe . 

The standpipe provides a highly stable reservoir of liquid that 
supplements the liquid held about the device. At all liquid 
volumes greater than about 5%, the standpipe will be completely 
full of liquid since the curvature of the interface inside the 
standpipe is less than the curvature of the interface outside the 
standpipe. Equilibrium is only established at these volumes after 
the interface inside the standpipe becomes stuck. During the 
critical engine start phase of operation, the standpipe will be- 
come unstable and supply an additional volume of liquid directly 
to the outlet. 
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At liquid volumes less than 5%, the static interface shape will be 
reached with a partially full standpipe. Due to the taper of the 
standpipe, a decrease in the volume of liquid outside the stand- 
pipe will produce a proportional decrease in volume inside the 
standpipe because the curvatures of the interfaces must equalize. 
Since the outlet is located outside the standpipe, it is not de- 
sirable to have a standpipe that holds most of the liquid inside. 


b. Communication Channels - If some or all of the liquid is moved 
away from a Category C acquisition device, communication channels 
are provided for return of this liquid to the device. All five 
of the Category C devices will be considered in this analysis. 


If the interface of the liquid that has been moved away is in 
contact with the device, the channels serve no purpose. But, 
when that interface does not touch the device or come into con- 
tact with the liquid about the device, the channels will inter- 
connect the displaced liquid and the liquid about the device. 

One requirement for the initiation of liquid return to the device 
is that the displaced liquid be in contact with at least one 
channel . 


A capillary pumping pressure provides the driving force to cause 
the flow of liquid along the channels. It is determined, as 
follows. Under zero g, the curvature, K, of the interface is 
the same at any point on the surface. K is related to the prin- 
cipal radii of .the surface, r^ and r 2 : 

K = — + — . [ III— 9 ] 

r l *2 


To simplify calculations, a dimensionless curvature will be used: 


K = 



[III-10] 


where R is the radius of the tank. At any point on the surface, 
the difference in pressure between the gas and the liquid is 
given by: 



where 


P 

g 


= pressure of the gas. 


P 


l 


pressure of the liquid. 


a = surface tension. 


[III-ll] 
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If there are two separate volumes of liquid, identified by sub- 
scripts 1 and 2, the pressure in each is a function of their 
respective curvatures: 


p g - p tl -t Kl - p g- p * 2 -f K 2> 


or 


P„ » P - £ K lf P„ = P - §■ Ko. 
ii g R 1 a 2 g r z 


Therefore , 


P„ - P„ = P - f- K n - P - f- K 


£ 1 * l 2 

and 


g R 


g R 


% - p * 2 ■ I h - K >'- 


[III— 12] , [III-13] 


[III-14] ,[111-15] 


[III-16] 
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The difference in pressure between the two liquid volumes is 
directly proportional to the difference between the curvatures. 
Volume 1 will be at a higher pressure than volume 2 if the curva- 
ture of volume 1 is less than volume 2. 


The curvature of a given volume of liquid under zero g is influ- 
enced by contact angle and the geometry of the surface containing 
the liquid. Liquid located in a sharp corner will have a higher 
curvature than liquid on a smooth surface. A flat interface has 
a curvature of zero. 

Consider a displaced volume of liquid in contact with a communi- 
cation channel. Liquid in the sharp channel has a curvature much 
larger than that of the bulk liquid volume. Therefore, the pres-' 
sure of the liquid in the channel is less than that of the dis- 
placed liquid, and liquid will flow into and rapidly fill the 
channel . 

In the drop tower tests, filling of the channels occurred in ap- 
proximately 2 sec. Scaling this time on a basis of the ratio of 

(D = tank diameter, y = viscosity, and a = surface tension), 

the time required to fill the channels would be about 25 sec for 
the Flox tank and 35 sec for the MMH tank. The time required to 
fill the channels can be neglected in comparison to the rate at 
which the liquid is pumped after the channels are full. This 
pumping time is discussed later. 
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Once the channel has filled, pressure is still not in equilibrium, 
so the liquid will flow about the sharp corners of the acquisition 
device. As the area about the device fills with liquid, the 
curvature of that volume will decrease, reducing the pumping pres- 
sure. Pumping of the liquid continues until the curvature, and 
therefore the pressure, if uniform everywhere. 

The magnitude of the pressure difference, which can exist when 
liquid has been displaced away from the device, was calculated 
for the post device. Since the fingers of the post-with-f ingers 
device have very little effect on the curvature, the same results 
would be obtained for that device. All these calculations were 
accomplished for zero contact angle and zero g. Percent liquid 
volume is plotted versus the dimensionless curvature in Fig. 

III-33 for liquid volumes located at the top and bottom of the 
tank. Only volumes that do not contact each other are of in- 
terest, so the height at which the interface contacts the wall, 

h , ,, has also been plotted versus curvature. Based on the 
wall c 

coordinate system shown in Fig. III-33, h for the liquid at 

W3..L 1 

the top of the tank will be greater than h , , for the liquid at 

wal 1 

the bottom of the tank if the two interfaces are not in contact 
(h^an wa s made dimensionless by dividing by the tank radius). 

At the top of the tank, the interface will be in dontact with the 
device if the liquid volume is approximately 25% (h^^ approaches 

zero) . The curvature approaches 2.0 at small volumes because 

both principal radii approach the tank radius. At the bottom of 

the tank, the acquisition device causes the curvature to increase 

at small liquid volumes. When h , . is less than 1.0, the curva- 

wall 

ture increases rapidly as the volume decreases. 

Use of the curves in Fig. III-33 is best explained by an example. 
Assume there is a volume of liquid equal to 5% of the tank volume 
at the top of the tank and a volume equal to 0.5% of the tank 
volume at the tank bottom about the device. The interface of the 
liquid at the top of the tank contacts the wall at h wa ^ = 0.32 

and its curvature is 2.04. The interface of the liquid about the 

device contacts the tank wall at h .... = 0.19 and its curvature 

wall 

is 2.36. The two interfaces are separated by 0.13R. Therefore, 
the pressure difference between the two liquid volumes is: 


P 

top 


- P 


bottom 


= | (2.36 - 2.04) = 0.32 J. 


[III-18] 
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Fig. III-33 Curvature vs Volume for Zero Contact Angle 




The value of ~ for each propellant and tank combination of in- 
K 

terest is presented in Table III-3. 


Table III-3 ~ for Each Propellant 


Propellant 

lb f - 
° ft 

Tank R (ft) 

R (pSi) 

Flox 

0.927 x 10 -3 

1.47 

4.38 x 10 " 6 

MMH 

2.35 x 10 ^ 3 

1.20 

1.36 x 10" 5 

*2 

0.912 x 10 " 3 

1.35 

4.68 x 10 " 6 

N 2 H 4 

4.62 x 10 " 3 

1.35 

2.37 x 10 - 5 


Because Flox has the smallest -f- and therefore the smallest pumping 

K 

pressure in comparison with the three other propellants, it was 
evaluated as the worst-case situation. 

P to P ‘ ^bottom = (0 ' 32) (4 ‘ 38 x 10_6) = 1>4 x 10 " 6 psi - [m-19] 

This pressure difference is acting to move more liquid toward the 
device. 

A closer study of the curves in Fig. III-33 indicates that the 
curvature of the interface about the device is always greater than 
the curvature of the interface at the top of the tank, for non- 
intersecting interfaces. This implies that the pressure of the 
liquid about the device will always be less than the pressure at 
the top of the tank. In fact, the pressure difference reaches a 
minimum and can not be any less. This minimum occurs when the 
volume of liquid about the device is about 4%; at the top of the 
tank, the volume would have to be less than 1% or the interfaces 
will intersect. For these volumes, the curvature difference is 
0.14, so the minimum pressure difference for Flox is 6.2 x 10 -7 
psi. 

Another plot of curvature versus liquid volume was calculated for 
the same geometry, but with a contact angle of 5° (Fig. III-34) . 

The most noticeable difference, in comparison to the zero contact 
angle case, is the variation of the curvature of the liquid at 
the top of the tank at small volumes. Below 2.5% liquid 
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Fig. III-34 Curvature vs Volume for 5° Contract Angle 



volume at the tank top, the curvature decreases rapidly.* Liquid 

about the device has a minimum curvature at 2.5% liquid volume 

and h = 0.45 as compared to 4% volume and h , , = 1.0 for 
wall r wall 

zero contact angle. 

The most significant difference between the 5° contact angle 
curve and the 0° curve is that, under certain conditions, the 
pumping pressure can be zero or can be acting to move liquid away 
from the device to the top of the tank with a 5° contact angle. 
This occurs for curvatures between 2.07 and 2.73. Volumes at 
the top of the tank must be between 12.5% and 59%, and the volume 
at the bottom of the tank must be between 0.17% and 2.5%. The 
following examples explain the implications of this contact angle 
effect : 

1) If there was 22.4% liquid in the tank and a disturbance of 
some sort had moved 21.8% away from the device, no pumping 
pressure would be available to move liquid along the communi- 
cation channels to the device. The curvature would be the 
same at the top and bottom of the tank (K = 2.17). This 
situation is illustrated in Fig. III-35. 

2) A worst-case condition would exist if there was 57% liquid 

in the tank with 55% located away from the device. The curva- 
ture is greater at the top of the tank, so liquid would be 
pumped away from the device until the curvatures were equal. 

At this point, only 0.2% liquid would remain about the device. 

This same phenomena does not occur at zero contact angle because 
the interfaces intersect before the curvature at the top of the 
tank becomes equal to the curvature at the bottom of the tank. 
Further investigation of the post device showed that a favorable 
capillary pressure differential will exist only if the contact 
angle is less than or equal to 2° . 


*At 0.001% volume the interface is flat, because it intersects 
the tank wall at 5°. A flat interface has a curvature of zero. 
At smaller volumes the curvature becomes negative (convex inter- 
face) . 
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Fig. III-35 Equilibrium Configuration 
for 5° Contact Angle 

Changes to the configuration of the acquisition device will alter 
the curvature versus volume relationship. Increasing the taper of 
the post to 7°, double that of the post in Fig. III-33, would 
increase the curvature of the interface about the device. Dis- 
placed liquid would always be at a lower pressure than liquid 
about the device at contact angles up to 3° . Another modifica- 
tion, the addition of small fins at the base of the post, would 
increase the curvature at low liquid volumes. 

A device that has a greater effect on the curvature, such as a 
standpipe or vane device, would be suitable for use with liquids 
having much larger contact angles. In Fig. III-36, the standpipe 
and vaned devices have been added to the Fig. III-34 situation. 

All of the curves are for a 5° contact angle. The standpipe, 
with a diameter of 0.4 times the tank radius, will always have 
functional communication channels at this contact angle, i.e., 
the pressure about the device will always be less than the pres- 
sure of any displaced liquid. It can be seen that the vaned de- 
vice will provide a much higher capillary pumping pressure. The 
curvature of the interface about the standpipe with vanes would 
be essentially the same as it is for the vane device. At low 
liquid volumes the standpipe would increase the curvature some- 
what . 
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Fig. III-36 Comparison of Curvature for Three Devices 
at 5° Contact Angle 
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This analysis indicates that unless contact angles very near to 
zero degrees can be guaranteed, communication channels will not 
always be functional with devices that do not significantly alter 
the curvature of the interface about the device. Conversely, a 
system, such as a standpipe with vanes, which has a high curva- 
ture will function properly over a wide range of contact angles. 


With the pressure differential between the ends of the communica- 
tion channel established, the rate at which liquid will flow 
along the channel can be determined. A good representation of 
the flow can be obtained by using low Reynolds number, creeping 
flow equations. For a channel with an equilateral triangle cross 
section, the flowrate is given by the following equation from 
Reference III-3: 


V3 AP b 4 
^ 320 yL 


[III-20] 


where 


Q = Volumetric flowrate, 

AP = differential pressure, 
b = length of side of triangle, 
y = viscosity, 

L = length of channel. 

The maximum length of a communication channel in a spherical tank 
is L = ttR, where R is tank radius. Using the previously developed 

relationship for the pressure differential, AP = — AK, the time 

required, t, to transfer a fraction of the tank liquid volume, f, 
is given by 


2420 f yR 5 
AK ob 4 


[III-21] 


The Flox tank, which presents the worst case, was evaluated assuming 
a single triangular channel with a 1-in. side. Using the minimum 
AK of the post device shown in Fig. III-33, the time required to 
transfer 5% of the tank volume would be 180 hr. If all the liquid 
were displaced from the post, returning 5% should be adequate to 
provide for engine start and settling of the remainder of the 
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propellant. A vaned device, assuming a AK of 2.0 based on Fig. 
III-36, would reduce the time to 13 hr. Using four channels 
instead of one would reduce the time to abour 3 hr. These re- 
sults indicate that return of a significant amount of displaced 
liquid within a reasonable length of time is possible. 

8. General Device Performance 


The following four analyses apply to most of the candidate devices. 

a. Propellant Slosh due to ACS Operation - The ACS thrusters are 
used to maintain and change the spacecraft inertial orientation, 
and to unload the momentum wheels . Unloading the momentum wheels 
produces a 10 _1+ g axial acceleration that assists the operation of 
the acquisition device because it tends to settle the propellants 
■over the outlet. ACS operation that changes the spacecraft orien- 
tation, however, produces a lateral acceleration of the propellant 
tanks tending to move liquid away from the device and induce slosh. 
This occurs during the trajectory correction maneuver (TCM) when 
the ACS orients the spacecraft for the main engine burn and, fol- 
lowing the burn, when the ACS orients the spacecraft to reacquire 
celestial reference. 

If excessive slosh due to thruster pulsing should occur, liquid 
would be displaced from the device. There is only a period of a 
few minutes between the termination of the ACS maneuvers and 
ignition of the main engine, so return of a large quantity of 
liquid to the device with communication channels might not be 
feasible. Also, continued sloshing of the liquid could disturb 
the inertial reference system due to the forces applied to the 
tanks . 

A typical sequence for a TCM is shown in Fig. III-37, which was 
constructed from information presented in Reference III-4. At 
M + 45 minutes, the guidance system switches to inertial reference 
and remains in this mode for a period up to 160 minutes. Six 
minutes after reacquisition of the sun and Canopus on the sensors, 
the guidance system switches back to celestial reference. During 
the TCM, the ACS roll and yaw maneuvers and the main engine burns 
are accomplished. 

The ACS thrusters have a constant pulse width of 0.1 sec and ro- 
tate the spacecraft by pulsing at a rate that usually falls between 
0.25 and 1.0 pulses per sec. These pulses will produce lateral 
accelerations on the order of 3 x 10 -5 to 7 x 10“ 5 g. Lateral 
slosh of a significant magnitude will be induced if the driving 
frequency is near the harmonic oscillation frequency of the 
liquid-tank system. 
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The first mode harmonic frequency parameter for lateral slosh in 
a spherical tank is plotted versus Bond number for various tank 
volumes in Fig. III-38 (Ref III-5) . Exciting the system at the 
first mode frequency produces slosh with a greater magnitude than 
excitation at higher modes. The Bond number is based on the axial 
acceleration acting on - the tank. The dimensionless frequency, w , 
used in Fig. III-38, is defined as: 


(1 + Bo) 
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where 

a) = dimensional applied frequency (radians/sec), 

Bo = axial Bond number, 
a = surface tension, 
p = density, 

R = tank radius . 

Typical values for w 2 were calculated for each of the four propel- 
lants and their respective tanks during ACS operation. The results 
are listed in Table III-4. An u of 0.25 cps , a typical thruster 
firing frequency, was used for the calculations. 

Table III-4 Value of w 2 for Each Propellant Tank 


Propellant Tank 

a) 2 

Bo 

Flox 

2.26 x 10 4 

0.064 

MMH 

0.31 x 10 4 

0.010 

f 2 

1.84 x 10 4 

0.056 

n 2 h 4 

0.26 x 10 4 

0.008 


Comparing the value of u> 2 in Table III-4 with the curves for the 
harmonic w 2 in Fig. III-38 shows that the frequency imposed by 
thruster firing is much greater than the frequency at which first 
mode harmonic slosh would be induced. Even the fifth mode harmonic 
frequency, which is greater than the first mode, is still much 
less than the frequency due to thruster firing. Based on this 
comparison, it can be concluded that the ACS orientation maneuvers 
will not produce slosh of significant magnitude. 
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Axial Bond Number (Bo) 

Fig. III-38 First Mode Harmonic Frequency for 
Spherical Tank (Ref III-5) 
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Following the roll and yaw maneuvers, there are periods of 5 to 6 
minutes before the next event is accomplished. Some pulsing of 
the thrusters may be required to maintain the inertial attitude 
t during these periods. The frequency of these pulses can be much 

lower and therefore closer to the harmonic frequency. It is 
doubtful that significant slosh would be induced though, because 
the thrusters would be firing randomly and continued firing near 
the harmonic frequency would not occur. In addition, a few short- 
duration pulses would not supply enough energy to produce sig- 
nificant slosh. 

Another factor to be considered when evaluating slosh in spherical 
tanks is their natural damping capability. Motion of the liquid 
at volumes both above and below 50% is dissipated by the curved 
walls of the tank (Ref III-6) . Furthermore, many of the propel- 
lant acquisition devices being considered have a configuration 
that will act as slosh suppression baffles. 

b. Vehicle Center of Gravity - During thrust startup transients, 
excessive vehicle rotation (sufficient to lose control of the 
vehicle) could develop due to an excessive shift in the vehicle 
eg. Therefore, the ability of the propellant acquisition system 
to control propellant location (minimize movement) is an important 
criterion for evaluating performance. A simple computer program 
was written to calculate the vehicle eg as a function of component 
masses and locations. With this program, the effects of the pro- 
pellant mass distribution provided by the acquisition device on 
the vehicle eg may be evaluated. 

To determine the magnitude of any eg shift, it was necessary to 
establish the initial eg location for the loaded vehicle. A 
reference configuration for a Jupiter Orbiter Spacecraft was pro- 
vided by JPL (JPL Drawing 10041593) . Figure III-39 illustrates 
the reference vehicle propellant tank envelope established by the 
retracted positions of the RTG boom and the scan science package, 
the payload shroud, the electronics compartment, and the engine. 

It was found that the baseline propellant tanks were too large 
to be contained within the reference envelope in both the in-line 
and side-by-side tank configurations. Therefore, the envelope 
length was either increased or decreased as required by each par- 
ticular configuration. The clearances between the electronics 
compartment and the propellant tank, between the two propellant 
tanks, and between the propellant tank and engine head, shown on 
the Fig. III-39 reference drawing, were used for all tank arrange- 
ments . 
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Fig. III-39 Reference Spacecraft Propellant Tank 
Envelope (per JPL Drawing 10041593) 
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Figures III-40 and III-41 present the in-line tank arrangements 
for Flox/MMH and F 2 /N 2 H 4 propellant combinations, respectively. 

The Flox/MMH system requires lengthening the reference envelope 
by 8 in. while the F 2 /N 2 H 4 system requires a 9-in. increase. 

The tanks in both systems are mounted on the Z axis with the 
pressurant spheres in the Y-Z plane. In the side-by-side tank 
arrangement, the propellant tanks are positioned in the X-Z plane 
to avoid interference with the retracted RTG boom and scan science 
package. Figures III-42 and III-43 illustrate the side-by-side 
tank orientations for the Flox/MMH and F 2 /N 2 H 4 propellant combina- 
tions, respectively. The envelope for the Flox/MMH system is 23 
in. shorter than the reference envelope while that for the F 2 /N 2 H 4 
system is 26 in. shorter. 

The vehicle eg was calculated for each of the tankage arrangements 
shown in Fig. III-40 thru III-43. The results together with the 
eg location for the reference vehicle are tabulated in Table III-5. 


Table III-5 Center of Gravity Coordinates 


System 

Tank Arrangement 

Coordinates, in. 

X 

Y 

Z 

Reference 

In-line 

0 

0 

9.0 

Flox/MMH 

In-line 

-0.09 

0.05 

17.4 

f 2 /n 2 h 4 

In-line 

-0.09 

-0.06 

15^.45 

Flox/MMH 

Side-by-side 

0.02 

0.05 

3.96 

F 2 /N 2 H 4 

Side-by-side 

-0.15 

-0.05 

3.04 


With no propellant acquisition device in the tanks, the liquid 
can move freely about the tank, and the largest variation in the 
location of the spacecraft eg would be expected. This condition 
was analyzed for the Flox/MMH propellant combination. 

The in-line tank configuration was considered first. The eg of 
the dry spacecraft is located at -0.17, 0.09, -6.48 in. using the 
X, Y, Z coordinate system of Fig. III-39. Therefore, a lateral 
acceleration acting in the +X direction, so as to move the liquid 
along the -X axis, would cause the largest lateral shift in the 
center of gravity. A typical lateral acceleration of 7 x 10 -5 g 
was used for the calculation of the interface shape and then the 
eg of the liquid in each tank was calculated. A sketch of this 
situation is shown in Fig. III-44. Finally, the spacecraft eg 
was calculated from the liquid mass and eg prior to each of the 
first six engine burns. After the sixth burn, the mass of liquid 
remaining is too small to have an effect comparable to that of the 
larger liquid volumes. The results are compiled in Table III-6. 
Prior to the fourth burn, the largest shift occurs with the eg 
moving 2 in. along the -X axis. 
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Table III- 6 Location of eg, In-Line Tanks 



Location, in. 

X 

Y 

Z 

Dry 

-0.17 

0.09 

-6.48 

Before 




Burn No . : 




1 

-1.05 

0.05 

16.91 

2 

-1.08 

0.05 

16.75 

3 

-1.13 

0.05 

16.56 

4 

-2.02 

0.06 

9.00 

5 

-1.89 

0.07 

4.31 

6 

-1.09 

0.08 

-2.19 


A similar analysis was accomplished for the side-by-side tank 
configuration where the dry tanks have a eg located at 0.09, 0.10, 
-12.05 in. The lateral acceleration was assumed to be acting in 
the -Y direction so as to move the liquid in both tanks in the 
+Y direction. This situation is depicted in Fig. III-45(a) . The 
results, presented in Table III-7, show that the largest shift 
again occurs prior to the fourth burn when the eg moves 2 in. 

Table III-7 Location of cg 3 Side-by-Side Tanks 



Location, in. 

X 

Y 

Z 

Dry 

0.09 

0.10 

-12.05 

Before 




Burn No . : 




1 

0.02 

1.01 

3.64 

2 

0.02 

1.04 

3.52 

3 

0.02 

1.09 

3.40 

4 

0.04 

1.97 

-1.67 

5 

0.05 

1.83 

-4.81 

6 

0.07 

1.03 

-9.17 
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Another situation was checked to ensure that it would not cause a 
larger eg shift. Liquid was moved in the -X direction as shown in 
Fig. III-45(b) . Prior to the fourth burn, the eg is located at 
-1.86, 0.07, -1.67 in.; thus, a 1.86-in. shift in eg from the 
centerline would occur under these conditions. 

All of the candidate propellant acquisition devices will hold some 
liquid along the Z axis so a smaller eg shift would occur. A de- 
vice such as the vanes would hold more propellant along the center- 
line of the tank than one like the post and would provide a lower 
eg shift. In the previous bare-tank calculations, it was assumed 
that the lateral acceleration was constant and that a static in- 
terface would be established. In reality, all the lateral dis- 
turbances are short duration and will usually be acting in con- 
junction with axial accelerations. Therefore, any shifts in ve- 
hicle eg will be considerably less than 2 in. with acquisition 
devices in the tank. The worst-case 2-in. eg shift translates 
into a 1.5° gimbal requirement for in-line tanks and a 2° gimbal 
requirement for side-by-side tanks. This engine gimbal require- 
ment is well within the engine gimbal capability of 9°. 

The next item of interest was to determine if the engine gimbal 
rate was sufficient to keep up with the rate at which the eg can 
shift. When the spacecraft engine starts, the eg can travel from 
its low-g, ACS-per turbed position to the tank centerline with 
some overshoot and oscillation. A pendulum model was used to 
describe this motion. The pendulum arm was fixed at 2 in., i.e., 
the maximum eg displacement, and the spacecraft mass was located 
at the end of the arm. The pendulum path then represents the path 
followed by the spacecraft eg as the liquid settles. The period 
of this pendulum, under the acceleration of the spacecraft engine, 
is 0.8 sec. The time required for the pendulum to move from its 
extreme position to its neutral position is one-fourth of the 
period, or 0.2 sec. In other words, a lateral change in eg loca- 
tion of 2 in. occurs in 0.2 sec based on this model. Viscous 
damping would increase the period, so this is a conservative esti- 
mate of the rate of travel. As discussed previously, a 2-in. eg 
travel corresponds to a 2° maximum rotation about the gimbal axis. 
Therefore, the maximum rate of travel of the eg is 10 deg/sec. 

A typical guidance/actuator system is capable of responding at a 
rate of 20 deg/sec (Ref III-4) , so this very conservative eg travel 
rate of 10 deg/sec is acceptable. 
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a. Bubble Ingestion - Usually, the ullage gas forms a single 
bubble that can be oriented away from the outlet by the propel- 
lant acquisition device. Under certain conditions, some breakup 
of the ullage could occur, allowing small bubbles to be present 
in the liquid. The most likely cause of these bubbles is the 
splashing of the liquid during settling. For all the propel- 
lants, the settling Bond number is on the order of 10 1 * when the 
spacecraft engine is firing. This indicates that splashing of 
the liquid will occur during the turbulent settling process. 
Bubbles will form and could be drawn into the outlet along with 
the outflowing propellant. 

Other, less likely causes of bubble formation are slosh and re- 
orientation of the liquid due to ACS operation. The acquisition 
device has very little effect on the positioning of any bubbles 
that are smaller than the capillary dimensions of the device. 
Therefore, bubbles formed due to these effects could be posi- 
tioned almost anywhere within the liquid. Under zero g, the 
bubbles will assume a static equilibrium position within the 
liquid and remain there until the tank is accelerated. 


As the tank is accelerated, a buoyancy force is applied to the 
bubble causing it to rise at a rate dependent on the drag of the 
liquid. A dimensionless parameter, M, determines how the rise 
rate varies with bubble radius for a given liquid (Ref III-7) : 



[III-23] 


where 


a = acceleration acting in tank, 
y = viscosity, 
p = density, 
o = surface tension. 

The minimum acceleration produced by the spacecraft engine of 
0.19 g was used in these calculations. The values of M for Flox 
and MMH are 1.5 x 10" 12 and 2.4 x 10~ 15 , respectively. For 
liquids with a value of M less than 10 -8 , the rise velocity at 
first increases rapidly as the bubble radius increases. The 
velocity achieves a maximum, falls to a minimum, and then gradually 
rises again. This variation can be divided into two regimes as 
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shown in Fig. III-46. The rise velocity is calculated from the 
following equations: 


1 r h 2 pa 

1st Regime - U = — (Ref III-7) ; 

b 5 u 


2nd Regime - U, = /— — + a r, (Ref III-8) ; 
b -y r b p b 

where 

r, = bubble radius, 
b 

= buoyant rise velocity. 

For large bubbles that assume a spherical cap shape, the bubble 
radius is based on an equivalent spherical volume. 

Acting against the buoyant rise of the bubble is the flow of the 
liquid out of the tank. By assuming that there is a uniform 
radial velocity distribution, as shown in Fig. III-47, the flow 
velocity can be expressed as a function of r, the distance from 
the outlet: 


[III— 24] 
[III— 25] 
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where 

Uj = flow velocity, 
r = distance to outlet, 

R = tank radius , 

Q = volumetric flow rate. 

The vector components of the two velocities, and , were neg- 
lected (a conservative simplification) , and the two velocities were 
set equal to determine the value of r at which the buoyant forces 
are equal to the momentum forces acting on the bubble. The equi- 
librium condition is plotted, with a solid line, for Flox in Fig. 
III-48. Above the line, bubbles will be buoyed away from the out- 
let; below the line, these bubbles will be drawn into the outlet. 
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Fig. Ill ~ 46 Rise Rate vs Bubble Radius for Low M Liquids 



Fig. II I- 47 Flow Velocity Profile 
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Fig. IJI-48 Bubble Equilibrium Conditions for Flox 
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The dashed line in Fig. III-48 represents the radius at which 
the flow would enter a 0.75-in. diameter feed line and no further 
increase in flow velocity will occur. Only the simple outlet, 
as shown in Fig. III-47, is being considered at this point. The 
area between the two curves represents those bubble radii and 
distances to the tank outlet for which the bubble will be drawn 
toward the outlet. Repeating the analysis for the MMH tank pro- 
duced the curves shown in Fig. III-49. Similar results would be 
obtained for the other propellant combinations. 

Based on this analysis, it can be seen that the most critical 
factor is the distance between the outlet and the point at which 
the bubbles are formed. Only very small bubbles (less than 0.01 
in. in diameter) would be ingested if no bubbles were formed 
within 2 in. of the outlet. If a relatively stagnant volume of 
liquid can be held over the outlet, the problem of bubble inges- 
tion is virtually eliminated. Minimizing the amount of splashing 
that occurs during settling will also reduce the effect of this 
problem. A device that will maintain a relatively flat inter- 
face in zero g, without any sizable amounts of liquid held up and 
away from the outlet, is the most effective approach for eliminating 
bubble ingestion. 

An actual tank outlet would initially be much larger than the out- 
let evaluated. A tank outlet flange, typically 9 in. in diameter, 
is the only restriction on the size of the outlet. The outlet 
would make a transition to the 0 . 75-in. -diameter feedline further 
downstream. Consider the effect of an outlet 2 in. in diameter. 

The maximum flow velocity would be reduced sufficiently to elim- 
inate the second regime of bubble sizes from consideration. The 
dashed lines in Fig. III-48 and III-49 would be moved upward so 
that the two curves intersect at a much smaller bubble radius. 

To conclude, proper design of the acquisition device and the tank 
outlet will eliminate the bubble ingestion problem. 

d. Gas Ingestion During Outflow - At low liquid volumes, gas can 
be drawn into the tank outlet during outflow if the flowrate 
overwhelms the effect of surface tension and gravity (which act 
to maintain the flow of liquid) . A dip will form in the interface 
that will rapidly accelerate toward the outlet and gas will then 
be ingested. The effects of this phenomenon can be approximated 
by using available information (Ref III-9 and III-10) , but the 
effect of the device must be neglected. 
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The Marker and Cell computer program (Ref III-ll and III-12) was 
used in the analysis so that most of the effects could be con- 
sidered. Outflow from the Flox tank to perform the last burn was 
selected as the case to evaluate. The post device and the inter- 
face under zero-g conditions were input as the initial conditions 
(Fig. III-50) . An axisymmetric cylindrical cell mesh closely 
approximates the small segment of the spherical tank within the 
boundaries of the problem. The dashed line on the figure shows 
where the spherical tank wall would be and is for reference only. 
At time zero, the liquid begins to flow out of the tank and a 
constant acceleration due to engine operation acts on the liquid. 
Surface tension was included in the calculations. These condi- 
tions were selected for the problem because they are both worst 
case as far as the mission requirements are concerned and are 
representative of all the Category B and C acquisition devices. 
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Fig. Ill- 50 Initial Conditions for Marker and Cell Computations 


The calculated liquid motion is shown in Fig. III-51. At first 
the liquid held about the post settles and the interface becomes 
flat. A dip begins to form after 0.15 sec and by 0.28 sec it 
has been drawn into the outlet. This burn has a duration of 3 sec 
so it is obvious that suction dip is a problem for the post device 
with the worst-case outlet configuration analyzed. 
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0,150 sec 

Fig. III-51 Marker and Cell Solution to Propellant Draining Problem 
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0,280 sec 


Fig. III-S1 (concluded) 


III-74 


Other outlet configurations were not analyzed with the computer 
model. Variations, which would improve the expulsion efficiency, 
include increasing the outlet area to decrease the flow velocity 
and contouring the outlet to provide a more uniform velocity 
profile. The other Category B and C devices will hold the liquid 
closer to the outlet, which would improve the expulsion efficiency. 
Experimental methods would be used to verify the ability of any 
of the devices (and outlet configuration) to expel liquid at very 
low volumes . 
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B. SUBSYSTEM INTERACTIONS 


An assessment of the interaction between the propellant acquisi- 
tion subsystem and other spacecraft subsystems was made to sup- 
port the analysis of candidate concepts. Spacecraft subsystems 
interacting with the propellant acquisition subsystem are the 
boom deployment system, the attitude control system (ACS) , the 
engine gimbaling system, the pressurization system, the propel- 
lant tank thermal control system, and the ground hold cooling 
system. The propellant tank itself is considered to be a part 
of the acquisition system. Baseline tanks for this study were 
spherical; however, cylindrical tanks were also considered (see 
Chapter VI, Section C) . 

Interactions with the boom deployment system, the ACS, and the 
engine gimbal system were discussed previously in Section A of 
this chapter. The dynamics associated with pressurant inflow 
and venting are considered in Chapter VI, Section B, and inte- 
gration of a ground hold cooling coil, required for space stor- 
able propellants, is discussed in Section C of this chapter. 

This leaves the pressurization system and the propellant tank 
thermal control system interactions, which are discussed in this 
section . 

Pressurization System Analysis 

Pressurization system operation and its effect on propellant ac- 
quisition system functioning was analyzed using two Martin Mari- 
etta computer programs. The OD041 Propellant Tank Pressurization 
Program (Ref III-13) was used to determine propellant tank tempera- 
tures, pressures, and helium usage over the mission coast, pres- 
surization, and burn sequence. A helium gas expansion program was 
used to calculate helium inlet temperatures for input to the OD041 
program. The procedure followed in employing the computer programs 
was to first run the OD041 program assuming a constant inlet 
helium temperature. The resulting helium usage data were then 
input to the helium expansion program to obtain the helium inlet 
temperature profile during mission pressurization and bum periods. 
The helium inlet temperature profile was then input to the 0D041, 
keeping all other input the same. The change in helium usage re- 
quirements between the two 0D041 runs was negligible (approxi- 
mately 1% for the oxidizer tank and 0.2% for the fuel tank). 
However, tank pressure levels varied appreciably because of the 
decreasing helium inlet temperature during bum periods, followed 
by the increasing ullage temperature during coast periods. 
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One of the major assumptions in the analysis was that heat trans- 
fer between the propellant tank and the environment was zero 
(adiabatic process). However, the propellant tank and the pres- 
surant storage tank were connected so that heat transfer could 
occur between tanks . 

The initial conditions for pressures, temperatures, volumes, and 
propellant flow rates, as well as definitions of structural mate- 
rials were taken from the propulsion system criteria presented 
in Chapter I. The Flox/MMH combination was employed. To sim- 
plify the analysis and minimize computer time, a modified bum 
profile consisting of 10 bum periods was established. Since 
the first five burn periods of the baseline mission consume ap- 
proximately 89% of the propellant, these bum periods were not 
changed in the modified mission. Rather, the major change was 
to combine the 22 orbital trim burns into five bums while main- 
taining the total bum time constant. Since adiabatic conditions 
were assumed external to the propellant tank, calculations by the 
program during coast periods consisted of establishing equilibrium 
conditions within the tank between the propellant, ullage gas, 
and tank wall. As equilibrium conditions are established rather 
rapidly, the coast-period durations were also reduced in the com- 
puter runs to reduce computational time. Table III-8 presents 
the modified trajectory correction propulsion event schedule em- 
ployed in the analysis. The prepressurization periods prior to 
each burn were assumed to be 5 sec long. 

The first information generated by the pressurization system analy- 
sis was the definition of system weight for nominal propellant 
temperature conditions. These data, presented in Table III-9 , 
were used in vehicle eg calculations. 

: S 

The next consideration evaluated in the pressurization system 
analysis was the maximum pressures obtained in nonvented propel- 
lant tanks. Nonvented propellant tanks are desirable from the 
standpoint of system compatibility and performance predictability. 
However, high tank pressures require thicker-walled (heavier) 
propellant tanks. Data from the computer runs indicate that, if 
no venting is permitted, significant pressure rise will occur in 
both propellant tanks during the coast periods after the third, 
fourth, and fifth bums. During these bums, 86% of the total 
propellant is expelled. Pressure histories for both the Flox and 
MMH tanks are presented in Fig. III-52. The pressure rises could 
affect the operation of the propellant acquisition system by pro- 
ducing the following transient effects: 
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Table III-8 Modified Trajectory Correction Propulsion Event Schedule 



Duration 



Coast , 

Prepress uri- 

Bum , 


Event 

hr 

zation, sec 

sec 

Comments 

Midcourse 




No prepressurization 

Correction 

0 

5.0 

10.1 

occurred since tanks 
were assumed pres- 
surized on the ground. 

Pre-encounter 
Maneuve r 

500 

5.0 

11.1 


First Retro- 
Maneuver at 
Periapse 

889 

5.0 

360.1 


Plane Change 
at Apoapse 

722 

5.0 

156.4 


Final Retro- 
Maneuver at 
Periapse 

Orbit Trims 

667 

5.0 

166.1 


1 

360 

5.0 

23.5 

(Orbit Trims 1-7) 

2 

1000 

5.0 

16.5 

(Orbit Trim 8) 

3 

336 

5.0 

11.1 

(Orbit Trims 9-15) 

4 

1000 

5.0 

16.1 

(Orbit Trim 16) 

5 

900 

5.0 

19.0 

(Orbit Trims 17-22) 

Total 

6374 

50.0 

790.0 



Table III-9 Pressurization System Requirements for Nominal Pro- 
pellant Temperature Conditions 



Flox 

MMH 

f 2 

n 2 h 4 

Propellant Temperature, °R 

155 

530 

155 

530 

Initial Helium Storage Pressure, 
psia 

3444 

3785 

3444 

3785 

Final Helium Storage Pressure, psia 

600 

600 

600 

600 

Helium Storage Container 





Weight, lb 

20.4 

16 . 6 

16.4 

23.6 

Volume, ft 3 

1.4 

0.64 

1.1 

0.91 

Helium Loaded, lb 

m 

8.27 

1.48 

6.45 

2.1 
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Fig. III-52 Propellant Tank Pressure 



1) Initial propellant flow rates higher than design values; 

2) Propellant mixture ratio shifts; 

3) Thrust and acceleration variations from nominal; and 

4) Premature propellant dropout. 

An investigation into the causes of the overpressure conditions 
indicated that the pressure increases were mainly attributed to 
warming during coast periods of the ullage gas which was previ- 
ously cooled by expansion from the storage container during out- 
flow. As can be seen in Fig. III-52 , the overpressure conditions 
in the Flox tank were more severe than those in the MMH tanks. 

The highest Flox tank pressure occurred in the coast period fol- 
lowing the third burn when the pressure reached a value of 283 
psia. In this analysis, it was assumed that the propellant tanks 
were prepressurized to operating pressure before launch. Because 
of the small ullage volumes involved, it was thought that a simi- 
lar overpressure condition might also occur after the first and 
second burn periods if the tanks were initially prepressurized 
in flight rather than on the ground. A third factor also be- 
lieved significant in contributing to the overpressure condition 
was the duration of the prepressurization period before a bum. 
These factors were evaluated using the 0D041 Tank Pressurization 
Program. The evaluation was performed on the Flox tank since the 
overpressure conditions were largest in this tank. 

The initial tank pressure used in the computer program runs was a 
nominal blanket pressure of 18 psia instead of the normal regu- 
lated tank pressure. A nominal pressure of 240 psia and a propel- 
lant temperature of 150° F were assumed. Since the tank overpres- 
sure conditions in small ullages were of primary concern, the pro- 
gram was run for only the first four bum periods of the modified 
mission in Table III-8. 

To evaluate the effect of the helium inlet temperature, two cases 
were considered. The first case considered the normal propulsion 
system arrangement shown by solid lines in Fig. III-53 and ^assumed 
that the helium was stored at the Flox temperature (150 °R storage) 
During gas expansion and flow for prepressurization and bum per- 
iods, the helium temperature entering the tank decreased. The 
second inlet temperature case assumed that the helium pressurant 
was supplied at 530°R to the Flox tank from the MMH tank pressuri- 
zation system storage tank. Helium transfer from the fuel side to 
the oxidizer side would be accomplished by adding a valve and line 
as shown by the dashed lines in Fig. III-53. To evaluate the ef- 
fect of prepressurization duration, times of 60, 180, and 300 sec 
were employed. 
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Fig . HI-53 Flox/MMH Propulsion Subsystem 
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The Flox tank pressure history for a 60-sec prepressurization is 
presented in Fig. III-54. During coast periods after both first 
and second bums , the tank pressures were found to decrease for 
both 150°R and 5 30 °R helium storage conditions. Even though the 
helium inlet temperature for the 150°R storage case decreased be- 
cause of the expansion process in the storage container, subse- 
quent compression of the helium in the ullage during prepressuri- 
zation raised the ullage gas temperature above the propellant 
temperature. Since the first two burn periods were very short, 
the warmer ullage gas did not cool to the propellant temperature 
before the end of the burn. During the coast period following 
each bum, however, sufficient time was available for the ullage 
gas to cool to the propellant temperature. This produced the 
observed pressure decreases. During the third prepressurization 
period with 150°R helium, compression heating of the ullage gas 
again occurred. However, the third bum period was extremely 
long compared to the first two bums so that more time was avail- 
able for heat transfer between the ullage gas and propellant. In 
addition, the helium inlet temperature decreased from an initial 
value of 150°R to a final value of 105°R due to expansion in the 
storage container over the long bum period. This drop in inlet 
temperature reduced the ullage gas temperature at the end of the 
third burn to a value approximately 10°R less than the 150°R bulk 
propellant temperature. In reaching equilibrium during the 
third coast period, the ullage gas warmed to the propellant tem- 
perature and produced the pressure rise indicated in Fig. III-54. 

For the 530°R storage case, the tank pressure decreased as ex- 
pected during the coast periods after each bum. The decrease 
in helium inlet temperature due to expansion in the storage con- 
tainer was not considered; the helium inlet temperature was main- 
tained constant at 530°R. However, even if the temperature change 
due to the expansion process had been included, the helium inlet 
temperature would never drop below the Flox temperature and the 
ullage gas temperature at the end of the bum periods would always 
be above the propellant temperature. Therefore, the cooling 
process during the coast period would still reduce the tank pres- 
sure, although not to the extent shown in Fig. 111-54. 

An evaluation of the data for 180- and 300-sec prepressurization 
durations indicated the same basic trends as the 60-sec case. 

The maximum tank pressures obtained during each coast period for 
the different cases considered are compared in Table III-10. In 
general, longer prepressurization periods resulted in higher pres- 
sures. The differences are relatively small, however, so that 
prepressurization duration does not appear to be a significant 
factor. The helium mass requirements for each prepressurization 
and burn period are shown in Table III-ll. These data also indi- 
cate that prepressurization duration does not significantly in- 
fluence the amount of helium required. 
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Propellant Tank Pressure, psia 



Fig. III-54 Propellant Tank Pressure History for 60-Second Prepressurization 
Duration 
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Table III -10 Tank Pressures at the End of Coast 


Prepressurization 
Duration, sec 

Coast 

Period 

150°R Storage , 
psia 

530°R Storage , 
psia 

60 

1 

196 

107 


2 

229 

150 


3 

259 

147 

180 

1 

205 

121 


2 

233 

167 


3 

259 

151 

300 

1 

209 

127 


2 

235 

174 


3 

259 

153 


Table III -11 Helium Usage } lb m 


Prepressurization Duration, 
sec 

150 

°R Storage 

5 30 

°R Storage 

60 

180 

300 

60 

180 

300 

First Pressurization 

1.293 

1.378 

1.405 

0.647 

0.758 

0.810 

First Bum 

0.111 

0.098 

0.09 7 

0.040 

0.035 

0.026 

Second Pressurization 

0.243 

0.209 

0.195 

0.330 

0.378 

0.380 

Second Burn 

0.090 

0.087 

0.088 

0.040 

0.016 

0.030 

Third Pressurization 

0.063 

0.042 


0.231 

0.220 

0.220 

Third Bum 

3.077 

3.067 

3.062 

1.213 

1.169 

1.149 

Fourth Pressurization 

— 

— 

— 

0.467 

0.531 

0.552 

Fourth Burn 

1.005 

0.997 

1.011 

0.5 35 

0.468 

0.455 

Total 

5.882 

5.878 

5.891 

3.502 

3.575 

3.622 
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Characteristics of the envisioned thermal control system for the 
spacecraft can also significantly affect the propellant tank pres- 
sure during long coast periods in the mission. The maximum varia- 
tion in propellant temperature that could result from tolerances 
in the thermal control system operation is +17°R. To estimate 
the impact of this temperature variation on tank pressure, the 
equilibrium temperature obtained from the 0D041 computer runs for 
each coast period was increased by 17°R. Assuming the same helium 
and propellant masses , a new ullage volume was calculated for the 
increased temperature. Using the same helium mass with the new 
ullage volume and increased temperature, a new helium partial 
pressure was calculated, assuming ideal gas relations. The helium 
partial pressure was then added to the propellant vapor pressure 
corresponding to the increased propellant temperature to get the 
new propellant tank pressure. Results for the 60-sec prepressur- 
ization duration runs are presented in Table III-12. The 150°R 
storage cases produce higher pressure rises resulting from the 
17°R temperature increase than the 530 °R storage cases because 
of the larger helium mass contained in the ullage. 

Several conclusions have been reached from the results of this 
analysis. If nominal propellant temperatures are maintained, pre- 
pressurization of small ullages in the Flox tank before short 
burn periods does not require the use of high temperature inlet 
helium to prevent overpressure conditions from occurring. The 
tank pressure history in Fig. III-54 illustrates this condition. 


Table III-12 Propellant Tank Temperature and Pressure Before and 
After 17° R Increase in Equilibrium Temperature (60- 
sec Pressurization) 



150°R Storage 

530°R Storage 

Before 

After 

Before 

After 

1st 

Temperature, °R 

150 

167 

151 

168 

Coast 

Tank Pressure, psia 

196 


107 

156 

2nd 

Temperature, °R 

150 

wm 


169 

Coast 

Tank Pressure, psia 

229 

m 


213 

3rd 

Temperature, °R 

150 

167 

154 

171 

Coast 

Tank Pressure, psia 

259 

317 

147 

189 
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However, if a propellant temperature variation of 17°R is super- 
imposed on the results in Fig. III-54, severe tank pressure condi- 
tions can develop when 150°R helium is used. Table III-12 compares 
tank pressures during coast for both 150°R and 530°R storage tem- 
peratures and a 17°R propellant temperature change. The resulting 
tank pressures for the 150°R cases are all above the nominal 240 
psia tank pressure. These overpressure conditions would impact 
on the propellant acquisition system operation by creating tran- 
sient variations in engine propellant flow rates, propellant mix- 
ture ratios, and thrust. Also premature outage could result. 
Therefore, use of 530°R helium or some other approach may be re- 
quired. 

In general, use of 530°R helium inlet temperature appears prefer- 
able for both short- and long-burn periods. However, one very 
important factor not considered is the aspect of total system 
weight. From previous analytical work performed by Martin Mari- 
etta in support of Contract NAS7-754 (Ref III-14) , it was found 
that pressurization system weight savings of approximately 25% 
can be obtained if low temperature helium storage is employed. 

With low temperature storage, however, the propellant tank over- 
pressure conditions would require heavier tanks. The overpres- 
sure conditions could be circumvented or at least minimized by 
negating the helium cooling due to expansion from the storage 
container. This could be accomplished by routing the helium 
from the 150°R storage tank through a feedline heat exchanger 
before introduction into the propellant tank. The system would 
be designed to maintain the helium temperature at the heat ex- 
changer outlet equal to or very near the propellant feed tempera- 
ture (approximately 150°R). Additional analysis is required to 
further evaluate the effect of 150°R versus 530 °R helium storage 
on total propulsion sytem weight. Results of such a comparison 
would be pertinent to selection of the pressure storage condi- 
tions. A blowdown system should also be evaluated in the assess- 
ment to determine the lightest pressurization system. 

The effect of pressurization system operation on propellant tem- 
perature was also a factor in the analysis. Propellant tempera- 
ture influences the propellant surface tension, which controls 
reorientation time and liquid-gas interface shapes. It was found 
from the analysis that the total Flox temperature change from the 
beginning to the end of the mission was only 3°R, while the tem- 
perature change for the MMH was less than 1°R. The change in sur- 
face tension resulting from these temperature changes is approxi- 
mately 3% for the Flox and 0.2% for the MMH. These variations 
are not significant for any of the acquisition system designs 
under consideration. 
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All of the work performed and the results obtained have been based 
upon the Flox propellant system. The results, however, should also 
be applicable to the fluorine tank of the F2/N2H4 propulsion sys- 
tem. Similar results would be expected with an OF2 tank. 

Propellant Tank Thermal Control Analysis 

The impact of the thermal environment on the operation of the pro- 
pellant acquisition device was evaluated. The Flox tank was se- 
lected for analysis because heat leak into the cryogenic propel- 
lant tank presents the worst heat transfer case for the propellant 
acquisition system. Two different heat leak conditions were con- 
sidered. These were normal heat leaks through the propellant tank 
supports and feedline and the anomalous situation in which the 
tank was exposed to direct solar radiation by the loss of 1 sq ft 
of insulation. 

a. Normal Heat Leaks - The first step in this analysis was to 
estimate heat leaks into the propellant tank. For the support 
heat leaks , it was assumed that the Flox tank Cspherical) w.as 
supported on the equator at four equally spaced points. From 
the reference configuration for the Jupiter Orbiter Spacecraft 
(JPL Drawing 10041593) , an estimate of the tank support structure 
was developed as shown in Fig. III-55. Four structural members, 
identified as 1, 2, 3, and 4 lead to each tank support point. It 
was assumed that supports 1 and 2 were identical, as were supports 
3 and 4. 

The estimated length of supports 1 and 2 was 32.6 in., while that 
of supports 3 and 4 was 22.5 in. Three temperature levels in the 
support structure, as indicated in Fig. III-55, were defined as 
follows : 

T = fuel tank support temperature; 
r 

Tq = oxidizer tank support temperature; 

T = engine support temperature, 
fci 

The total heat flow into the tank support point is given as: 

Q s = Ql + Q2 + Q3 + Q4 [III-27] 

where Q- , Q 2 , Q3, and Q 4 are heat flow rates in structural members 
1, 2, 3, and 4, respectively. Assuming steady state conditions 
and applying Fourier's law: 
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Fig. Ill- 55 
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[III-28] 


Q S = 


jSA + K 2 A 2 
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J 2 J 
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+ V4 


L 3 


( t e - T o) 


where K = support thermal conductivity; 


A = support cross section; 


L = support length. 


Assuming the same material is used in all supports, the heat leak 
equation may be reduced to: 



I III-29] 


The structural material for support members was assumed to be 

tubular resin-impregnated fiberglass. Thermal conductivity and 

wall thickness of this material was obtained from Reference HI- 

15 as 0.15 Btu/hr-f t-°R and 0.030 in., respectively. Temperature 

assumptions for T_, T_, and T„ were based on information obtained 
r 0 h 

from Reference III-12 and computer data supplied by JPL. With 

T_ = 520°R, T = 155°R, and T„ = 176°R, the heat leak into each 
F 0 E 

tank support point was calculated to be 0.043 Btu/ hr. For the 
analysis, this value was increased approximately 10 times to a 
value of 0.5 Btu/hr for conservatism. 


The second tank heat leak considered was that from the propellant 

feed line. This heat leak, Q , was calculated by Fourier's law 

r L 

as : 




where 


[III-30] 


“l 


thermal conductivity of line; 
cross section of line material; 
length of line; 
engine temperature; 
oxidizer tank temperature. 
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The feed line was assumed to be 1-ft long and constructed of 2219 
aluminum tube, 3/4-in. O.D. with a 0.030-in. wall. A temperature 
of 155°R was assumed for the oxidizer tank while a value of 179°R 
was assumed for the engine based on data from Reference III-15 
and the data supplied by JPL. The resulting feed line heat leak 
was 0.436 Btu/hr. 

Next, a mathematical model was developed to calculate tank wall 
temperature and heat flux distributions resulting from the heat 
leaks. To simplify the analysis, it was assumed that the spheri- 
cal surface in the vicinity of each heat leak could be approxi- 
mated by a circular fin, as illustrated in Fig. III-56 . The heat 
leak, Q, enters the tank wall, as illustrated, and is distributed 
over the surface defined by the wall thickness, l , and an arbi- 
trary radius, r^. The lower surface of the fin is insulated as 

the tank external surface. The upper surface of the fin is 
covered by the propellant. Heat transfer from the fin into the 
propellant is governed by conduction in the propellant. An energy 
balance on the fin leads to the following differential equation: 



where 

r = fin radius ; 

q = heat transfer in the fin in the r direction: 
r 

q = heat transfer away from the fin into the propellant; 
c 

SL = fin (tank wall) thickness . 

Expressions for q and q are obtained from Fourier's law as 
follows : r 


[111-31] 


q 


r 


q 


c 


dT 

K. -~ 
w dr 



[111-32] 


[ III-33] 
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where 


T = wall (fin) temperature; 
w 

T = propellant temperature; 

P 

K = wall thermal conductivity; 
w 

K. = propellant thermal conductivity; 

P 

L = length of fluid over which temperature difference /T - T 
occurs. ' ^ 


Substitution in the differential equation yields: 


d 2 6 1 d0 _ ^ 2 . JL. = 


dr z 


r dr 


K £L 
w p 


[III-34] 


where 0 is defined as T - T . 

w p 


This equation may be modified into the following Bessel's equation: 


— 4t^ - mr 2 9 - 0 [111-35 ] 

dr 2 dr 
K 

where m = 

w p 

A solution for this equation is obtained from Reference III-16 as 
follows : 

0 = C. I ( Vm r) + C 0 K (V"ra r) [III-36 

1 o 2 o 

where I o (\/"m r) and K o (Vm r) are modified Bessel's functions of 
the first and second kind of order zero and and C£ are arbi- 
trary constants. The boundary conditions for the equation are: 

„ . d0 q o 0 

1) At r r Q , dr K 2 nr S>K ’ 

w o w 

dQ 

2) At r = “, — = 0. 
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Applying the boundary conditions, leads to the following solution: 


0 


T 

w 


T 

P 



K (Vm r) 
o 

K 1 ( A /m r) 


where 


A = 



2Rr K £ 
o w 


[III-37] 


K 


w p 

This equation was employed to calculate the temperature distribu- 
tion in the wall in the vicinity of both the tank support points 
and the outlet. For the tank supports, the following data were 
used : 


Q = 0.5 Btu/hr; 

r = 1.0 in. ; 
o 

K = 36 Btu/hr-ft-°R (2219 aluminum) ; 
w 

£ = 0 .070 in. ; 

K = 0.084 Btu/hr-f t-°R. 

P 

For the propellant width, , over which the temperature difference 

0 occurs, and arbitrary value of 1.0 in. was assumed. The result- 
ing temperature difference, T^ - T^ , is presented in Fig. III-57 

as a function of fin radius, r. For the feed line heat leak, the 
following data were used: 

Q = 0 . 436 Btu/hr ; 

r = 0 . 375 in. ; 
o 

K = 36 Btu/hr-f t-°R; 
w 

£ = 0 .0 70 in. ; 

K = 0.084 Btu/hr-f t-°R; 

P 

L = 1.0 in. 

P 
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Fig. III-S7 Wall Temperature Distribution Near Tank Support 



The calculated temperature difference is presented in Fig. HI- 
58. The maximum temperature difference between the tank wall and 
the propellant for either the tank support or feed line heat leak 
is less than 1°R. Furthermore, the temperature differences de- 
crease to essentially zero in relatively short distances. Thus, 
it appears that the normal tank heat leaks will not change pro- 
pellant temperature and, therefore, surface tension significantly 
enough to affect performance of the propellant acquisition device. 
These results should also be applicable to the fluorine tank in 
the F 2 /N 2 H 4 system and to both tanks in an system. 

b . Loss of Insulation - Loss of 1 sq ft of foam insulation from 
the oxidizer tank was evaluated as part of the propellant tank 
thermal control analysis. Operation in this degraded condition 
was considered for both near-Earth and near-Jupiter environments. 
First, a steady-state analysis was performed. It was assumed that 
the surface was oriented normal to the sun and that the propellant 
tank wall in the vicinity of the lost insulation could be repre- 
sented by a circular fin model, as shown in Fig. III-59. Two 
regions were defined for development of the analytical model. 
Region I is that area where the insulation was lost (bare tank 
wall) , while Region II includes the adjacent tank wall still 
covered with insulation. An energy balance was constructed for 
both wall regions based on the following assumptions: 

1) Steady state; 

2) Thermal symmetry about centerline; 

3) Thermal gradient across the wall is zero; 

4) Heat transferred into propellant is by conduction only; 

5) Bulk temperature of propellant is constant; and 

6 ) Exposed tank wall radiates to absolute zero. 

From the energy balance, the following differential equation was 
developed for Region I: 


d 2 T 

dr 


WI 

2 


dT, 


rt dr 


WI + q i 


K w t 



[III-38] 
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Fig. Ill- 59 Circular Fin Simulation of Propellant Tank 

where 

T = wall temperature in Region I; 

W J. 

r = fin (wall) radius ; 

q^ = net heat entering Region I from solar radiation; 

= heat conducted away from wall away into propellant; 

= wall thermal conductivity; 
t = wall thickness. 

The term q^ is defined as follows : 

q. = aq - h T ttt [III-39] 

^s r WI 

where 

q = incident solar flux; 
s 

a = surface absorptivity; 

h = effective radiation heat transfer coefficient. 

R 


III-97 



f III— 40 J 


The term q^ is defined by Fourier's Law as: 


q 


c 





where 


= propellant thermal conductivity; 

L = thickness of propellant over which T r ,_ - T occurs; 
p WI p 

T = propellant temperature. 

P 

From the energy balance for Region II, the following differential 
equation was developed : 


d 2 T 


WII 


dr 2 


, 1 dT wn 

+ 7 dr” 



or 


d2T WII 1 dT WII 
dr 2 1 dl 




where T = wall temperature in Region II. 

W -L J_ 


[III-41] 
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Solution of the differential equations from the energy balance 
yielded the following equations for wall temperature in Regions 
I and II, respectively: 


T B 

bc-ad! 


WI A 

L AC J 

/“i P^rK (^q) + rci 0 (^i) K i (^h) 
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where 



Wall temperature profiles were computed for both near-Earth and 
near-Jupiter operation based on the following data: 



Near Earth 

Near Jupiter 

q s , Btu/hr ft 2 * 

430 

16 

a 

0.9 

0.9 

h , Btu/hr ft' 3 ° F 
K 

0.02 

0.006 

* 



Solar heat flux data obtained from Ref III-15. 


The resulting profiles are presented in Fig. III-60. These wall 
temperature profiles are applicable to either the Flox tank in 
the Flox/MMH propulsion system or the fluorine tank in the F 2 /N 2 H 4 
propulsion system. The wall temperature profile for the near- 
Earth orbit is higher than the approximately 260°F critical tem- 
perature of Flox. Therefore, this temperature would not actually 
be obtained since tank failure would occur before reaching these 
conditions. Thus, if 1 sq ft of insulation is lost near-Earth 
and the area remains exposed to the sun, a catastrophic failure 
could result. Near Jupiter, the wall temperature profile is much 
less severe. However, the mass of propellant remaining is also 
much less so that the assumption of a constant bulk temperature 
may not be valid. In either the near-Earth or near-Jupiter cases, 
no consideration was given to possible effects of the spacecraft 
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Propellant Tank Wall Temperature, 


350 



Fig. Ill- 60 Propellant Tank Wall Temperature Profiles 
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thermal control system. The thermal control system would reduce 
the severity of the temperature rise by rejecting at least a part 
of the entering heat. 

The effect of time on propellant heating was also considered. It 
was assumed that all the energy entering the propellant tank 
through the exposed wall was absorbed by the propellant bulk. 

The propellant was assumed to be uniformly mixed so that no thermal 
stratification occurred. Near Earth, the following data were 
assumed: 

= 430 Btu/hr ft 2 , solar flux; i 

a = 0.9, absorptivity, 

M = 940 lb^, propellant mass, 

C = 0.362 Btu/lb °F, propellant specific heat. 

P m 

Under these conditions , the propellant bulk temperature would 
rise 1.14°R per hour of exposure to the sun. From the mission 
criteria, the maximum allowable time that the propulsion system 
may be in the sun, at one time, is 75 minutes. In this time, the 
propellant temperature would rise only 1.42°R. 

Near Jupiter, the solar constant approaches 16 Btu/hr ft 2 and the 
propellant mass varies from 490 Ib^ prior to the plane change at 

apoapse to 1.4 lb^ prior to the final orbit trim bum. Under 

these conditions, the bulk temperature change rate would be as 
low as 0.08°R per hour of solar exposure to as high as 10.3°R 
per hour of solar exposure. 

Based on this lumped analysis and the maximum time that the pro- 
pulsion system may be exposed to the sun, the loss of 1 sq ft of 
insulation from the Flox tank does not appear to present a major 
problem. The thermal control system should provide a mitigating 
effect. In addition, rotation of the spacecraft to shade the 
propulsion system should be accomplished in the event of an un- 
explained pressure rise in the Flox tank. This maneuver will re- 
move the heat load while still allowing the exposed tank wall to 
radiate to space. These results are applicable to the oxidizer 
tank in either the Flox/MMH system or the F 2 /N 2 H 4 system. Simi- 
lar results would be expected in both tanks of an OF 2 /B 2 H 0 system. 
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In conclusion, an anomalous operation only should result from the 
loss of 1 sq ft of insulation from the tank. It is felt that no 
catastrophic failure would result if the maximum ‘exposure time of 
the bare tank wall to the sun is held to 75 minutes. This applies 
to both near-Earth and near-Jupiter operation. However, exposure 
for even this amount of time could result in problems during the 
final steps in the mission. The worst-case situation would occur 
just before the final orbit trim bum. The magnitude of the prob- 
lem would depend to a major extent upon the location of the bare 
tank wall. Minimizing the solar exposure time may be required in 
this instance. Further evaluation with a detailed thermal model 
is indicated. 
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C. SYSTEM FABRICATION, ASSEMBLY AND TANK INSTALLATION 


As part of the comparative evaluation of the various candidate 
propellant acquisition concepts, the ability of each candidate to 
satisfy the required fabrication, assembly, and tank installation 
criteria was evaluated. This effort included identification of 
applicable assembly and tank installation procedures, evaluation 
of joining techniques, investigation of ground cooling coil inte- 
gration in each candidate concept, and an investigation of the 
impact of loading and handling requirements. 

i 

1 . Applicable Assembly and Installation Procedures 

Three assembly and tank installation techniques were identified 
as possible methods for evaluation. Each of the candidate con- 
cepts could employ at least one of these techniques. The first 
technique required that the candidate devices be totally assembled 
outside of the tank and then installed in the tank by insertion 
through a tank access port. The base of the acquisition device 
would either be part of the tank outflow port assembly or so de- 
signed so that it can be mechanically attached to the outflow port 
assembly after device installation. Therefore, with this tech- 
nique final tank closure would consist of bolting the outflow 
port assembly to the tank access port flange. With this technique, 
the device could also be removed. 

The second technique would allow the acquisition device parts to 
be inserted through the access port and assembled inside the tank. 
The acquisition device could be joined either inside the tank or 
during insertion, depending on the specific details of each par- 
ticular device. However, the devices could not be removed with 
this technique unless mechanical fastening methods were used. 

Final tank closure would be accomplished by bolting of the outflow 
port to the tank flange similar to the first technique. 

For the third technique, no tank access port would be employed. 

The propellant tank and the candidate acquisition device would be 
assembled together as an integral unit. Final tank closure would 
be through a closure weld of the propellant tank. 

The first assembly and tank installation technique would be the 
preferred procedure because of its greater flexibility. For the 
Category C Fruhof devices, at least two of the concepts (standpipe 
and post) appeared capable of fitting through a tank access port. 
However, for both the vaned concepts and the pos t-wi th-f ingers con- 
cept, the ability of these devices to be inserted through the tank 
access port depends on whether or not the vanes or fingers could 
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be elastically bent so they could pass through the access port. 

For the vaned Fruhof concepts, bending elastically or without 
damage, amounts to having the vanes rolled into a diameter smaller 
than the access port diameter (Fig. III-61) . 



Fig. III-61 Installation of Four Vaned Acquisition Device 
by Rolling 


To ascertain whether the vanes can be rolled into such a diameter, 
a structural analysis was conducted on the elastic bending capa- 
bility of vanes. For the structural analysis, a pure bending model 
was employed. Therefore, for totally elastic behaviors 

a = Ee [III— 45] 

where 


a = stress; 

E = modulus of elasticity; 
e = strain; 

The strain was related to the curvature produced in the vanes due 
to rolling by: 


e 


tK 

2 


[III-46] 
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where 


K = curvature, 

t = thickness of vane. 

Therefore : 

Et „ 
a = — K 
max 2 max 


[III-47 ] 


As the above equation shows, the maximum stress in the vane de- 
pends on the maximum rolled curvature. Therefore, with the al- 
lowable maximum stress known, the maximum rolled vane curvature 
for a particular vane thickness can be determined. To relate the 
maximum vane curvature to the size of the tank access port, a 
computer program was developed. This program solves the nonlinear 
elastic stress equations for thin vanes subject to two constraints. 
First, the outer edge of the vane must be tangent to a circle rep- 
resenting the access port. Second, the inner edge of the vane 
must be perpendicular to another circle representing the stand- 
pipe or post concentric to the first circle (see Fig. 111-61). 

For any point on the resulting vane shape, the program also auto- 
matically computes vane curvature and internal forces. Due to 
the constraint of tangency to the outer circle the computer pro- 
gram’s solutions are only valid when the ratio L/AR 5/3, where 
L is defined as the maximum vane width and AR is R - r. R is the 
tank access port radius while r is the standpipe or post radius. 

For L/AR < 5/3, bending stresses are not severe; therefore the 
vanes can be readily installed. Figure III-62 shcv?s the relation 
between r, R, and K ^ obtained from the computer program. As r 

approaches R, K approaches infinity. 

From Figure III-62 and Equation [III-47] vane thickness was ob- 
tained as a function of standpipe of post diameter for the specific 
tank access port diameter of 9 in. Twelve representative vane 
materials were considered. These were: 


6A&-4V Ti annealed; 

5A&-2.5 Sn Ti annealed; 

7Q75-T6 A£ ; 

304L annealed stainless; 

304L 60% cold reduced stainless; 
Inconel 718 heat treated and aged; 


17-4 PH (H1100) stainless; 
Be-Cu annealed; 

Be-Cu cold reduced; 
2219-T87 kl; 

6061-T6 kl; 

1100-0 kl. 
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Maximum Vane Curvature. K , 1/in. 

max 

Fig. III-S2 Maximum Vane Curvature Occurring during Installation 
of Acquisition Device 
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For each of these materials, the value of a , used in Equation 

max 

[III-47], was determined by taking the material elastic limit and 
applying a 10% safety factor. 

The results are presented in Fig. III-63. As can be seen, the 
ability of the large vanes to be inserted through the 9-in. tank 
access port is very dependent on the vane material and the stand- 
pipe or post diameter. 

A structural analysis was also performed on the post-with-f ingers 
concept to determine if the fingers could bend without damage 
(elastic bending) during installation through the tank access 
port. For this analysis an approximate thin beam, pure bending 
model was employed. Figure III-64 describes the approximations 
made in the analysis. It was assumed that the fingers have a 
straight portion in their shape near their base. This straight 
portion was assumed so that the thin beam bending model could be 
used for the analysis. It was also assumed that the fingers would 
have to be bent through the angle 0 (defined in Fig. III-64) to 
accommodate tank installation. Therefore, the maximum stress 
developed in the fingers when bent through 0 can be approximated 
from thin beam bending theory by (Ref III-17) : ■ 


a 

max 


Et 

L 


tan 0 


[III-48] 


where: 

t = finger thickness; 

a = maximum elastic stress; 
max 

E = modulus of elasticity, 

and where 0 and L have been defined in Fig. III-64. Using Equa- 
tion [III-48], finger thickness was calculated for two specific 
values of 0. L was assumed equal to the radius of the Flox.tank 
(L = 17.75 in.). Table III-13 presents these finger thicknesses 

for three reference materials based on a o equal to 90% of the 
, . . . . max 

elastic limit. 
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Vane Thickness, in, 



Standpipe or Post Diameter, in. 


Fig. Ill- 63 Maximum Allowable Vane Thickness to Install Acquisition 
Device 
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Fig. I II- 6 4 Approximated Finger Shape used in Bending Analysi 




Table III- 13 Maximum Finger Thickness (in.) 


Material 

0 = 30° 

8 = 45° 

2219 T87 A i 

0.130 

0.075 

304L SS Cold Reduced 

0.165 

0.094 

6A£-4V Ti 

0.202 

0.117 


On the basis of these finger thicknesses it would appear possible 
for the fingers concept to use the first installation procedure 
since a 30° bending angle would be greater than would actually be 
needed for installation. A finger thickness between 0.13 and 0.2 
in. would be reasonable values for design purposes. 

Joining Processes 

A major factor influencing selection of an assembly and tank in- 
stallation procedure was the type of joining processes that could 
be used. Three general joining methods are available: welding, 

brazing, and mechanical fastening. Three welding techniques are: 
resistance, fusion and electron beam welding (EBW) . Based on a 
previous study (Ref III-l) , resistance welding is not applicable 
for any of the candidate concepts because of inherent contam- 
inated trap areas. Fusion welding can only be used on relatively 
massive parts where material warpage is not a factor. EBW is 
mainly applicable to thin or delicate parts because the heat- 
affected zone is kept to a minimum. Brazing seems applicable but 
strongly depends on the type of materials to be used for the can- 
didate devices and the propellants to be used (Ref III-l) . Mechan- 
ical fastening in general, like resistance welding, contains in- 
herent contaminant trap areas (Ref III-l) although certain types 
of mechanical fasteners may be used. 

Considering the applicable joining methods from the standpoint of 
propellant compatibility, further restrictions arise. For either 
MMH or N 2 H 4 , service compatibility considerations dictate the use 
of titanium (Ref III-18) as the material of construction for both 
the propellant tanks and the acquisition devices (baseline tanks 
are to be 6A£-4V titanium). As far as fusion or EBW welding is 
concerned, both of these methods can be used on titanium. Brazing 
also seems applicable for the fuel tanks. Only two techniques for 
brazing titanium are apparently available. One uses a 48Zr-4Be 
braze alloy; the other uses 3003 aluminum. As far as braze integ- 
rity is concerned the 48Zr-4Be alloy appears excellent. Also, 
slight oxide coatings can be tolerated with this technique (Ref 
III-l) . Zirconium has been rated as a compatible material for use 
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with N2H4 or MMH (Ref III-18) . Beryllium seems also to be com- 
patible with hydrazine-type fuels even though no specific compat- 
ibility data exist. Due to beryllium's atomic structure it would 
theoretically not be a catalyst for decomposition of hydrazine 
fuels (Ref III-18) . One problem that may restrict the use of 
48Zr-4Be titanium braze is beryllium poisoning. Beryllium is very 
toxic. However, with proper precautions the poisoning hazard can 
be eliminated. 

The 3003 aluminum braze appears even more applicable than the 
48Zr-4Be braze. Aluminum, like titanium, is highly compatible 
with MMH and N2H4 (Ref III-18) ; therefore, there should not be 
any compatibility problems with this braze alloy. Based on pre- 
liminary data, the integrity of 3003 aluminum brazed titanium 
joints appears excellent. Also, any titanium alloy can be brazed 
to any other titanium alloy without lowering the quality of the 
braze joint. However, a completely clean, oxide-free surface is 
required for this procedure (Ref III-l) . 

The use of mechanical fasteners for assembly of the candidate con- 
cepts to be used inside either the N2H4 or MMH tanks, is limited 
to those fastening techniques that do not create any contaminated 
trap areas. Trap areas formed when parts are mechanically assem- 
bled, even if in a clean condition during assembly (parts cleaned 
before assembly and assembled under clean room conditions) , can 
entrap either test fluids used in qualification tests or cleaning 
fluids used in final tank system cleanings. These types of fluids 
may accelerate fuel decomposition or degrade fuel contact angle. 
Therefore, any mechanically fastened parts must be fastened so 
that all contacting part surfaces are completely sealed off from 
contact with the propellants. This limits mechanical joining 
methods to those using crushable gaskets or seals so that sealing 
can be accomplished. Gasket materials compatible with either MMH 
or N2H4 are limited to Teflon, polyethelene, and soft aluminum. 

The preferred joining procedures for the fuel candidate concepts 
are either EBW or fusion welding; or 48Zr-4Be Ti or 3003 Ai braz- 
ing. However, crushable gasket mechanical fastening could prob- 
ably be used if absolutely necessary. 

For either the Flox or LF 2 tanks, greater restrictions on acquisi- 
tion device joining methods are imposed than those found with 
either the MMH or N2H4 tanks. For Flox or LF 2 , material compat- 
ibility dictates the use of either 300 series stainless steel or 
aluminum (baseline tanks are 2219-T87 aluminum) as a material of 
construction (Ref III-18) . Fusion welding is applicable to both 
300 series stainless as well as most of the aluminum alloys (1100, 
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6061, and most of the 2000 series are weldable, 7075 is not). EBW 
can also be used on 300 series stainless steel. However, the use 
of EBW on aluminum alloys is more restricted. Most alloys of 
aluminum are subject to cracking with EBW. This problem seems 
especially severe with the 2000 series (Ref III-19) . Therefore, 
if EBW can be used at all with aluminum alloys it would probably 
be more applicable with alloys such as 1100 or 6061. 

Brazing of aluminum alloys is not applicable for Flox or F 2 ser- 
vice and questionable for 300 series stainless steel alloys. This 
is because all aluminum brazing alloys are incompatible with Flox 
or F 2 and stainless steel brazing alloys might cause galvanic 
corrosion problems with Flox for F 2 . All braze alloys used for 
aluminum brazing have a high silicon content. Alloy 718, for 
example, contains 13% silicon. In addition, for most of these 
brazes a practically pure silicon flux is used (Ref III-l) . If 
silicon is present in a material in a quantity greater than 1%, 
fluorine or flox will react with the silicon to form SiFq (Ref 
III-20) . Instead of adhering as a protective film, the SiF4 will 
vaporize if exposed to either Flox or F 2 gas above 350°R (SiF4 
melts at 321°R, Ref III-20) . GF 2 at room temperature will be 
used to passivate the F 2 or Flox tanks prior to propellant load- 
ing. Therefore, any brazed aluminum joints will be attacked and 
weakened by the passivation. Also, even at LF 2 or liquid Flox 
temperatures the integrity and protective nature of the solid 
STF4 film is questionable (Ref III-18). 

For the brazing of 300 series stainless steel alloys, four types 
of filler metals or brazing alloys exist (Ref III-21) . These 
alloy types are designated as BAg , BNi, BCu, or BAu. The second 
symbol designates the main metal component of each alloy type. 

For instance, the BCu types have as their major component copper, 
while BNi alloys have nickel. For the BAg or silver-alloy types, 
the other metal constituents used are Cu, Zn, Cd , Ni, and Sn. 
Therefore, on the basis of the compatibility of these metals with 
F 2 (Ref III-18) , the BAg filler metals in themselves should be 
compatible with either LF 2 or Flox. BCu and BAu alloys should 
also be compatible. The BCu alloys are practically pure copper 
and the one BAu alloy contains 80% Au and 20% nickel; all compat- 
ible with F 2 . However, for the nickel brazing alloys (BNi), 
either 3 to 4% silicon or boron, or as much as 10% phosphorus is 
used as one of the other metal constituents. As stated earlier 
braze alloys containing over 1% silicon are incompatible with F 2 
because SiF4 is volatile at GF 2 passivation temperatures. Both 
boron and phosphorus also form low melting point fluorides (PF3, 


III-112 



PF5 and BF3 have melting or sublimation points below -70°F, Ref 
III-18) . Therefore brazing alloys containing large enough quan- 
tities (>1%) of these metals are probably incompatible for service 
with either Flox or F2. This leaves only the silver, copper, and 
gold brazing alloys as possible F 2 compatible filler metals for 
stainless steel, 

Although the BAu, BCu, and BAg braze alloys are in themselves 
probably compatible with either Flox or F 2 , when combined with 
300 series stainless steel, higher corrosion rates may be encoun- 
tered for these alloys. Fairly recently galvanic corrosion couples 
have been detected with LF 2 (Ref III-22) . In compatibility tests, 
various metal couples were exposed to LF 2 . The results of these 
tests showed higher corrosion rates for the alloys used in testing 
than those usually reported for these alloys when tested uncoupled 
or alone in LF 2 . Considering these results, galvanic corrosion 
effects will definitely be present for metal couples exposed to 
LF 2 if these couples are composed of metals differing in electrode 
potential by a fairly large amount. The following relative gal- 
vanic corrosion series was obtained based upon the metals tested 
(Ref III-22) : 


304L stainless steel 

Copper 

Nickel-200 

Silver 

1100-0 aluminum 


Increasing 

Anodic 

Behavior 


On the basis of this series, the use of either BAg or BAu brazing 
alloys with 300 series stainless steel is not recommended because 
of the potential of high corrosion rates. The use of BCu alloys is 
questionable. Over a period of 10 years any brazed stainless 
steel joints might be attacked and thus weakened by increased 
corrosion due to galvanic cells set up between the stainless steel 
and braze alloy. 

The use of mechanical fasteners for Flox or F 2 system components 
should be avoided because most mechanical fastening means create 
contaminant trap areas. As stated earlier, trap areas, even in a 
clean condition after device assembly, can present problems be- 
cause contaminants can be entrapped when qualification tests or 
final propellant system cleanings are performed. For hydrazine- 
type fuels, these contaminants may degrade propellant contact angle 
or accelerate fuel decomposition. These are serious problems but 
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not necessarily catastrophic. However, with the fluorine-based 
propellants, these contaminants may cause ignition of the entire 
propellant tank and its components. Therefore, based on these 
considerations, the only mechanical fastening methods that might 
be applicable for fluorine service are those that do not create 
any trap areas. This limits mechanical fastening techniques to 
those using crushable gaskets or seals so that all contacting 
component surfaces can be completely sealed off from propellant 
contact. These sealed-type fastening techniques have already been 
recommended as the only mechanical joining procedures applicable 
for N 2 H 4 or MMH service earlier. 

Although crushable gasket-type fastening methods can probably 
eliminate contaminant trap area problems, there are problems or 
limitations associated with their use with fluorine-based propel- 
lants. One such limitation is the type of gasket or seal material 
that can be used. Based on material compatibility considerations, 
no nonmetal seals can be used (Ref III-18) . Therefore, only soft 
metal seals or gaskets can be used. Based on fluorine tests at 
Martin Marietta over the past decade, either soft copper or alumi- 
num seems applicable. 

A far more severe limitation on the use of a crushable gasket or 
seal-type fastening technique with LF 2 or Flox, arises from the 
fact that both LF 2 and Flox are cryogens . Unless properly designed, 
the gasket or seal material could shrink away from its seating 
surface because of thermal contraction during propellant loading 
and tank chilldown. If this happens, the LF 2 or Flox will leak 
with catastrophic results. To prevent this, the gasket, fastener, 
and even the seating surfaces must not have their thermal expan- 
sion coefficients differ by too large an amount. Therefore, if 
the tank and acquisition devices are aluminum, a soft aluminum 
gasket or seal is advisable. 

Welding seems to be the most reliable joining process available 
for fluorine-based propellant components. However, adequate 
mechanical fastening techniques can probably be developed for F 2 
or Flox service if necessary; although the reliability of such 
techniques for long-term use is questionable. 

3 . Recommended Concept Assembly and Installation 

Based upon the above discussion, recommended joining and tank in- 
stallation procedures were determined for each of the seven can- 
didate propellant acquisition concepts. These recommendations are 
discussed in the following paragraphs. 
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a. Compartmented Tank - For this concept the third or integral 
procedure seems the only applicable tank installation technique. 

To accomplish the first or preferred tank installation procedure, 
the compar tmented tank acquisition concept would have to have its 
capillary barriers structured to act as umbrellas. They could 
then be inserted through the tank access port and opened up for 
positioning and attachment. Structuring the barriers to act as 
umbrellas would require the use of mechanical joints which are 
undesirable from the standpoint of contaminant trap areas. Such 
joints would also be susceptible to metal-to-metal rubbing during 
the mission, which could ignite the Flox or F 2 tanks (nonmetal 
spacers or washers can not be used with fluorine-based propellants. 
Ref III-18) . Regardless of these considerations, once the barriers 
have been inserted into the tank, the attachment of the umbrella- 
type capillary barriers to the tank, would be difficult if not 
impossible. An upper barrier could possibly be bolted to a flange 
provided in the tank wall through the tank access port, but at- 
tachment of the bottom barrier assembly or trap assembly with its 
liner would be nearly impossible because of the lack of space. 

For the second installation technique, segments of the capillary 
barriers and liner could possibly be inserted through the tank 
access port. However, to then join them together inside the tank 
would either require welding or mechanical fastening. Brazing 
would not be possible because the tank would be annealed. Welding 
through the access port would not be possible because of space 
limitations. Although mechanical fastening would be extremely 
difficult, it could be done. Even if the device can be assembled, 
the problem still remains of how to attach the device to the tank. 
The third installation procedure does not present any of the prob- 
lems associated with the other two techniques. Installation would 
be accomplished by having the barriers and liners, an integral 
part of the tank structure (for a more detailed description of 
such a design see Ref III-l) . Welding would be either by fusion 
or electron beam. Fuel tank subassemblies could be brazed as long 
as such assemblies are not an integral part of the tank's pressure 
shell (brazing will anneal and thus weaken components) . Brazing 
would not be applicable for either the Flox or F 2 tanks as dis- 
cussed earlier. 

b. Cruciform - The cruciform is capable of using the first or 
preferred tank installation technique. However, mechanical fasten- 
ing techniques would have to be used. The installation procedure 
would be as follows. The cruciform would be assembled either by 
welding, brazing, or machining out of one piece. After assembly. 
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it would be inserted into the tank through the access port. It 
would be attached to the top of the tank by a sealed type of me- 
chanical fastening joint such as a bolt flange with a gasket. 

This could be built into the top of the cruciform before instal- 
lation. After installation and attachment, the outflow port as- 
sembly would be bolted to the base of the cruciform as this assem- 
bly is being bolted to the tank. Having the base of the cruciform 
as part of the outflow port would not be practical because there 
would be little clearance for attaching the cruciform to the top 
portion of the tank. 

The cruciform is capable of fitting through the tank access port, 
thus assembly within the tank is not needed. Therefore, the sec- 
ond installation procedure would not be applicable to the cruci- 
form concept. However, the third or integral procedure would be 
applicable if an all-welded design became necessary. As stated 
earlier, an all-welded design is usually preferred for fluorine- 
based propellant systems. Thus, the third installation procedure 
might be more desirable for the Flox or LF 2 cruciform concepts. 

c. Post or Standpipe - For both of these concepts the first in- 
stallation procedure can be used as long as the outer diameter 
of the devices is not larger than the diameter of the tank access 
port. Also, since the top of these devices is not attached to 
the tank, as is the cruciform concept, the outflow port assembly 
can be part of or welded to the base of the standpipe or post. 

Space is not needed to attach the device to the tank as it is be- 
ing installed. However, to install the communication channels, 
mechanical fastening seems to be required. To be able to install 
and remove the communication channels requires attaching these 
channels to the tank wall by mechanical means. Bolts with washers 
or gaskets around their heads might be attractive. With this type 
of fastener, sealing around the bolt head might be possible, thus 
eliminating any contaminant trap areas. Therefore, with either 
the post or standpipe designs, the first installation procedure 
can be used with mechanical fastening of the communication channels. 

The second installation procedure was not considered because both 
the post and standpipes can be inserted through the tank outlet 
in an assembled form. However, if an all-welded design becomes 
necessary (communication channels welded to tank wall) , the third 
or integral procedure could be used with the post or standpipe 
concepts. 
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d. Post with Fingers - For this concept the discussion about the 
installation and assembly procedures for the post and standpipe 
designs also applies. However, there would be one difference in 
the first installation procedure for the fingers concept. To fit 
this device through the tank access port requires that the fingers 
bend elastically toward the post during device insertion. This 
seems to be possible, thus making the first installation procedure 
applicable. Welding of the fingers to the base of the post would 
probably be the fingers joining process. 

e. Vaned Concepts - For these concepts, the ability to use the 
first or preferred tank installation procedure depends on two con- 
siderations. The first is whether the vanes can be rolled into a 
diameter smaller than the tank access port diameter. The vane 
rolling analysis presented earlier showed that the ability of the 
vanes to do this depends on the material used, the minimum vane 
thickness allowable, and the post or standpipe diameter used. 

Figure III-63 shows that practically any material can be used if 
the vane is thin enough. However, one additional restriction on 
vane thickness, beside manufacturability, is imposed by the mis- 
sion requirement of a 10-year life. The restriction is one of 
possible fluorine corrosion of the vane material. Extensive cor- 
rosion data are not now available. Therefore, the vanes should 

be as thick as possible. Since only aluminum and 300 series stain- 
less steel seem applicable construction materials with F 2 (Ref 
III-18) , this would probably limit the vane material to either 
304L cold reduced stainless steel or 2219-T87 aluminum. If these 
materials were used, there would seem to be no minimum vane thick- 
ness problems for the pure-vaned concept. However, based on Fig. 
III-63, for the standpipe concept, standpipe diameters would have 
to be kept below 5 in. to keep vane thickness at least 0.010 in. 
thick. For use with either MMH of N 2 H 4 the vaned concepts could 
have their vane thickness less than those needed for either Flox 
or LF 2 because no corrosion problems would exist. As discussed 
previously, titanium would probably be the vane material for either 
MMH of N 2 H 4 because of compatibility considerations. 

The second consideration is the type of procedure to roll the vanes 
into the required installation diameter. Some sort of rolling tool 
would have to be used. During device installation, this tool would 
have to be inserted into the tank along with the device to keep the 
vanes in the rolled position. To remove this tool after the acqui- 
sition device has been inserted into the tank and its vanes un- 
rolled, would require the rolling tool to either slip over the 
base of the acquisition device or to telescope so that is could 
be taken apart and removed from around the base. The precise de- 
sign will influence what type of joining operations can be used to 
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satisfy the first installation procedure. If the rolling tool is 
of a telescoping design, the outflow port assembly can then be 
part of the acquisition device base; welding or brazing of the 
outflow port assembly to the base of the device could be done. 
However, the design^ of the vaned acquisition devices would have 
to allow for enough space to remove the tool. If the rolling tool 
is not designed to telescope, the outflow port can not be part of 
the acquisition device base because of inadequate clearance. After 
the device is installed, the rolling tool would have to be removed 
by slipping over the base of the device. The outflow port assembly 
would then be mechanically attached to the acquisition device base 
after tool removal. 

As the above discussion shows, the ability of the vaned concepts 
to use the first tank installation technique depends on whether 
the vanes can be rolled into the required installation diameter, 
and the methods by which this rolling is done. Assuming that the 
vanes can be rolled into the required diameter, the choice of us- 
ing either a welded or brazed assembly or mechanically fastened 
assembly depends on the type of rolling tool design which is ap- 
plicable. Regardless, the device's communication channels must 
still be attached by mechanical fastening, as discussed under the 
post and standpipe concepts. Therefore, some form of mechanical 
fastening must still be used with the vaned concepts for these 
concepts to use the first installation procedure. To eliminate 
all mechanical fastening, the third or integral installation pro- 
cedure would have to be used for the vaned concepts. 

4 . Cooling Coil Integration 

A requirement that the Flox and F 2 propellant acquisition devices 
must meet is the integration of a LN 2 ground-hold cooling coil to 
be located within the propellant tank. This requirement also ap- 
plies to 0F 2 and B 2 Hg tanks. Cooling must be maintained on the 
ground during propellant loading and subsequent ground operations 
before launch to prevent oxidizer venting. The ground cooling . 
coils must not interfere with the normal operation of the acquisi- 
tion device. For all seven candidate concepts, integration with 
an LN 2 cooling system is possible. However, for at least some of 
the concepts, cooling coil integration may impact the type of tank 
installation procedure that can be used to install the acquisition 
device. 
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a. Compartmented Tank - For the compartment ed tank concept, the 
LN_ cooling coil can be attached to the lower capillary barrier 
as structural members. This attachment will not affect either 
the operation or installation of the concept. Since the third or 
integral device installation procedure would probably be used with 
the concept, no major impact would be imposed on this tank instal- 
lation procedure by having the cooling coils part of the lower 
capillary barrier. The cooling coil and lower capillary barrier 
assembly would simply be welded into position as if there were 

no cooling coils. Inflow and outflow tubing to the coil could 
be provided through the tank outflow port during assembly. 

b. Cruciform - For the cruciform concept, the only practical way 
of integrating a coil would be to design the cruciform to operate 
as the cooling coil itself. Wrapping a cooling coil around the 
cruciform in either an attached or free-floating manner may re- 
duce expulsion efficiency, increase flow losses, or create contam- 
inant traps. However, cooling channels in the cruciform vanes 
would not introduce such problems. LN 2 flowing through these chan- 
nels could provide the required ground cooling. The vane channels 
could be connected by manifolds located at the base and top por- 
tion of the cruciform. With this design no major impact would be 
imposed on either the first or third tank installation procedure. 

Of course, the exact sizing of the channels would depend on the 
cooling requirements defined by thermal analysis. 

c. Post and Standpipe - For both the post and standpipe concepts, 
the most practical way of integrating a cooling coil would be to 
either wrap the coil around the outer surface of the devices or 
incorporate cooling channels within the devices. These two methods 
provide a sound acquisition system design from the standpoint of 
structural integrity and, at the same time, have minimum influence 
on the fluid dynamic design. Installation of a cooling coil in 
the bottom of the tank, but not in contact with the post or stand- 
pipe, could also be a workable design approach. However, support 
of the coil would be difficult and present; a structural design 
problem. Furthermore, the arrangement and location of the coil 
could degrade the fluid dynamic performance of the device if. the 
design is not developed carefully. Location of the cooling coil 

in the top of the tank in the ullage region is impractical because 
of poor cooling heat transfer during ground operations and because 
of the effect the coil would have on ullage orientation and shape 
under zero-g condition. 
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The integral cooling channel methods are preferred over the wrapped 
coil. With a wrapped- coil there is a possibility of creating pro- 
pellant trap areas between coil . windings , which may hold some pro- 
pellant away from the tank outlet.. The small areas would also be 
difficult to clean and passivate. With the integral method no 
such operating problems would exist. 

Another factor to consider when comparing the two methods is the 
amount of cooling effectiveness available. The- cooling effective- 
ness depends on the amount of surface area the post or standpipe 
affords. If this area is not sufficient to satisfy cooling re- 
quirements, the Flox or LF 2 will not be properly cooled. There- 
fore, although these cooling coil integration methods may be at- 
tractive from the standpoint of noninterference with device- opera- 
tion, they may not satisfy cooling requirements. The post concept 
seems to be more of a problem in this regard, because its surface 
is less than that of the standpipe. 

d. ■ Post with' Fingers -. For the post^with-f ingers concept the dis- 

cussion for the post concept generally applies. However, with 
this concept there is one additional way of integrating a cooling 
coil into the design without affecting its operation. This method 
would be to design the fingers as the cooling coil. Each finger 
could be constructed to consist of an inflow and outflow set of 
tubes. These cooling tube fingers could be connected through the 
center post. With this type of design, adequate cooling would 
seem to be available to satisfy the cooling requirements'. The 
only problem is that the bending capability of these cooling tube 
fingers may be- reduced preventing ■ use of the first installation 
procedure . f . . 

e. Vaned Concepts - For the vanes alone, one way of integrating 
a cooling coil without creating either device installation or op- 
erating problems would be to locate the coil as a channel inside 
the center post. Upon LN 2 circulation, the center post and its 
attached vanes would be chilled to LN 2 temperatures. The vanes 
would' act as large fins to provide cooling. The major difficulty 
would be providing tube diameters inside the post that are suffi- 
cient to carry "the required LN 2 flow rate. An alternative integra- 
tion scheme would be ; to design the vanes with cooling channels. 
However vane stiffness would be increased and bending capability 
reduced so that the first installation procedure could not be used. 
To locate a coil around the device or coiled in the upper half of 
the tank would interfere with the device's normal operation. 
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For the standpipe with vanes concept, integration of LN 2 cooling 
channels within the standpipe appeared to be best. As stated 
previously for the vane concept, incorporation of a cooling coil 
either around or above the acquisition device would create opera- 
tional problems, while inclusion of cooling tubes in the vanes 
would limit bending or rolling of the vanes and therefore, would 
modify tank installation procedures. Thus, the only integration 
scheme that appears reasonable and workable is to incorporate 
cooling channels in the body of the standpipe itself. Advantages 
to this approach are: (1) large areas for LN 2 flow can be pro- 

vided; (2) standpipe surface can be used for heat transfer; and 
(3) vanes provide fin surfaces for heat transfer. 

f. Alternative Cooling Coil Integration Method - All of the cool- 
ing coil integration methods discussed previously were concerned 
with incorporating the cooling tubes physically into the design 
of the propellant acquisition device. Two reasons for this ap- 
proach were to use a modular installation and assembly technique 
and to minimize the impact of propellant acquisition system re- 
quirements on tank design and assmebly. For Category C devices re- 
quiring propellant communication, an alternative procedure could 
be used in which cooling coils placed on the tank wall would be 
designed to also function as communication channels. The advantage 
to this approach is that the propellant acquisition device design 
would be simplified. Modular installation of the device could 
still be done. However, the cooling coils would have to be attached 
to the tank walls during tank assembly. Installation of the cool- 
ing coils by parts into a finished propellant tank with subsequent 
assembly inside the tank is impractical because of the inability 
to produce reliable joints. Furthermore, if the tube joints 
could be welded inside the tank, the cooling tubes could not be 
removed without permanently damaging them. Therefore, the alter- 
native cooling coil system must be installed in the propellant 
tank during the manufacturing process . 

5 . Loading and Handling Considerations 

Prelaunch operations associated with propellant loading and space- 
craft mating with the launch vehicle can impact the design and 
operation of the propellant acquisition device. These operations 
are discussed in the following paragraphs. 

a. Tank Cleanliness and Passivation - A prime consideration in 
propellant loading is the requirement for tank cleaning. This 
requirement is applicable to both fuel and oxidizer tanks. No 
contaminants should be present that would provide catalytic action 
for decomposition or would degrade surface tension or contact angle 
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properties over the ten-year mission life. For the oxidizers, the 
contaminant problem is more acute because of their highly reactive 
nature. The influence of the cleaning requirement on the design 
of the acquisition system is to minimize the number of possible 
contaminant traps. As discussed previously, use of mechanical 
joining techniques is especially critical in this regard. In the 
case of Fruhof systems using vanes, spacing and small angles be- 
tween the vanes are also possible trap areas. In compartmented 
tank systems parallel perforated plates for barriers provide con- 
taminant traps. 

After tank cleaning, passivation of the oxidizer tank is required. 
Acquisition systems having the most surface area or more complex 
geometry would be the most difficult to passivate. Vaned systems 
and compartmented tanks would, therefore, present a more difficult 
passivation problem than simple standpipe or post-with-f inger con- 
cepts . 

b. Loading Techniques - From two other Martin Marietta-conducted 
programs (Ref III-l and III-23) , two propellant loading techniques 
have been identified as applicable methods for the space storable 
propellants. The methods are designated as vented and nonvented 
processes. Both would require operation of the LN 2 ground cooling 
system to precool the propellant acquisition and tank system be- 
fore loading. The requirement to precool the acquisition system 
could create transient thermal stresses in the acquisition device 
that would significantly affect its mechanical design. The prob- 
lem could be especially severe in the cruciform concept where both 
ends of the device are attached to the propellant tanks. Contrac- 
tion of the cruciform would induce loads on the propellant tank 
unless the forward end of the device had a slip fit joint (unde- 
sirable from a cleaning and passivation standpoint). The compart- 
mented tank concept would also be susceptible to similar thermal 
contractions and stresses if uniform cooling was not maintained 
during the cooldown period. One additional problem with the com- 
partmented tank is the possibility of trapping gas in the propel- 
lant reservoir at the bottom of the tank. Of the three categories 
of devices, only the compartmented tank would be susceptible to 
gas entrapment. Category B and C devices now envisioned do not 
contain bubble strainers or other regions capable of retaining gas. 

c. Handling Considerations - Results from a previous Martin Mari- 
etta program (Ref III-23) indicated that loading of fluorine-type 
propellants should be accomplished prior to spacecraft installa- 
tion on the launch vehicle. Loading would actually be performed 
at a remote area away from the launch pad for safety reasons. 

After loading, the system would then be transported to and in- 
stalled on the launch vehicle. During this time, the system 
would be subjected to transportation loads and possible tipping 

or tilting during mating. 
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Category B or C devices are not sensitive to possible accelera- 
tions or loads that may occur during transit. Nor are they sus- 
ceptible to propellant tank tipping or tilting during elevation 
and installation on the launch vehicle. Category A devices, how- 
ever, could ingest gas in the propellant reservoir if the tanks 
were tilted beyond certain limits during installation. In addi- 
tion, during transport from the loading area to the launch pad, 
the Category A devices would also be sensitive to a combination 
of propellant slosh induced by transport loads and tipping on the 
transport vehicle. 
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IV. 


EXPERIMENTAL EVALUATION PROGRAM 


As part of the evaluation of the candidate propellant acquisition 
concepts, an experimental program was conducted in the Martin 
Marietta drop tower. The program was conducted to verify analyti- 
cal predictions, to obtain information that can only be roughly 
estimated analytically, and to provide an experimental compari- 
son of the performance of each candidate concept. 

Small-scale glass tanks, each containing a scale model of one of 
the candidate acquisition devices and filled to the desired level 
with the test liquid, were subjected to the desired low-g condi- 
tions in the 2.1-sec free-fall facility.' Data on the fluid be- 
havior in the "test environment was provided by high-speed motion 
pictures taken during each drop test. A total of 34 drop tests 
were accomplished with five or six devices being tested in each 
drop . 


TEST PLAN 


The experimental program was progressive in nature, with the de- 
vices tested and the test conditions being varied based on the 
information obtained from previous testing and analysis. The ac- 
celeration environment for most of the tests was the near zero-g 
provided by the drop capsule. For the six stability tests per- 
formed, spring motors were used to apply acceleration to the test 
fixture . 

Conditions varied in the zero-g tests were fill level and the 
orientation of the device with respect to the initial one-g. Fill 
levels from 5 to 95% liquid volume were evaluated. Methanol was 
used as the test fluid. Orientations of 0°, 90°, and 180° were 
used. At 0° the outlet is oriented downward. Conditions varied 
in the stability tests were the force of the spring motor, fill 
level, and orientation. 

Six sets of devices were tested. Based on the results of tests 
with one set, devices were eliminated or modified and new devices 
were added to form a new set. Devices were also eliminated when 
sufficient inf ormation' had been obtained concerning their opera- 
tion. A list of the conditions and the_jdevice set used for each 
test are listed in Table IV- 1. The six device sets are illus- 
trated in Fig; IV-1 thru IV-6, With regard to the illustrations 
of the vane type devices, only the profile of two of the vanes 
is shown, rather than an actual side view. IV-1 



Table IV -1 Drop Tower Tests 


Test 

Number 

Device 

Set 

Liquid 
Volume, % 

Orientation , 
deg* 

g-Level 

1 

A 

20 

0 

0 

2 



85 

0 



3 



85 

180 



4 



95 

0 



5 



95 

180 



6 

1 

t 

5 

0 



7 

A 

5 

180 



8 

B 

15 

0 



9 



15 

180 



10 



80-95 

0 



11 



80-95 

180 



12 



50 

0 



13 

B 

50 

90 



14 

C 

20 

0 



15 



20 

180 



16 



80-95 

0 



17 



80-95 

180 



18 



50 

90 

1 


19 

C 

80-95 

90 

0 3 

20 

D 

15 

0 

5.88x10 

21 



15 

0 

8.81x10 

22 



15 

0 

17.65x10 3 

23 



85 

90 

5 . 88 x 10 

24 

1 


85 

i 90 

8.81x10 3 

25 

D 

85 

90 

17.65x10 

26 

E 


17 

0 

0 

27 



17 

180 



28 



95 

0 



29 



95 

; 180 



30 

i 


50 

90 



31 

E 


95 

90 



32 

■ I 


10 

0 



33 

I 

? 

' 20 

0 



34 

I 


95 

i 

180 

0 


A 0° orientation corresponds to an outlet-down config- 


uration . 

















Fig. IV- 4 Device Set D 
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Standpipe with Eight Vanes 12 Vanes 

Eight Vanes 



Fig. IV- 6 Device Set F 



B . TEST APPARATUS 


The test fixture used in the drop tests is shown in Figure IV-7 and 
IV-8. To facilitate the direct comparison of propellant acquisition 
candidates, the fixture was designed so that up to six scaled devices 
could be tested simultaneously. Each scaled device was contained 
within a spherical test container (small-scale propellant tank) 
formed by the metal test fixture sandwiched between two spherical 
glass segments. A thin rubber gasket provided a seal between the 
glass segments and the metal fixture. The glass segments were 
held and supported by a rubber 0-ring and metal retainer ring 
combination. 

The inside diameter of each scaled propellant tank was approximately 
2 in. This size was selected to provide rapid reorientation of 
the liquid-gas interface from the flat one-g configuration to the 
low-g configuration (minimize transition time and maximize low-g 
time). The selection of glass for the test containers was based 
on a material survey which included glass, plexiglass, and poly- 
carbonate. Based on chemical resistance to methanol, cost, and 
availability, glass was superior. Finally, methanol was selected 
as the test liquid because it was readily available, easy to work 
with, and has a reasonably high kinematic surface tension which 
is desirable for reducing reorientation time. 

The devices were fabricated from metal and plastic. Clear sheet 
Lexan was used to make the vane-type devices because it allowed 
an unrestricted view of the interface about the device. Some of 
the devices fabricated are shown in Figure IV-9. 


IV- 9 



Assembly 

Detail 
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c. TEST RESULTS 


A different aspect of the operation of the acquisition devices 
was tested with each of the three fixture orientations. At the 
0° orientation, the transition from high to low Bond number repre- 
sents the termination of an engine bum. For low ullage volumes, 
positioning of the bubble during the test is of interest. The 
orientation of the liquid about the device is demonstrated at the 
lower liquid volumes . 

The 90° orientation represents the reorientation of the liquid 
following a strong lateral disturbance. At 180° orientation, 
the worst-case conditions for the reorientation of the liquid are 
imposed. At low liquid levels, the operation of the communica- 
tion channels can be observed with this orientation. 

The results of the tests performed on each set of devices are 
shown in Fig. IV-10 thru IV- 15 . In each case, the photograph 
shows the liquid orientation at the end of the 2.1-sec test period 
By referring to Fig. IV- 1 thru IV-6 the devices being tested can 
be determined; Table IV- 1 provides the test conditions. 

1 . Zero-g Tests 

a. Cvuc-ifoTm - A scale model of the candidate cruciform device 
was evaluated in tests 1 through 7. At low liquid volumes (tests 
1 and 6), the device positions liquid at the outlet. Liquid can 
be seen filling the length of the device during the test. A 
static interface shape had not been reached by the end of the test 
In test 7, there was neither enough liquid nor test time to ob- 
serve where the liquid was being positioned. At the end of the 
test, most of the liquid was in the communication channels. Test 
6 demonstrated the positioning capability of the cruciform rela- 
tive to the other devices in the set. Since the cruciform fills 
by pumping liquid away from its base, it held only a part of the 
liquid over the outlet. 

In tests 2, 3, 4, and 5, the positioning of the liquid at small 
ullage volumes was observed. Initially, the bubble was toriodal 
as it was pushed away from the outlet. But in all cases, the 
bubble became spherical and was positioned off-axis to one side 
of the device. 
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(f) Test 6 


(g) Test 7 


Fig. IV- 10 (concl) 
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(c) Test 16 

Fig. IV- 12 Device Set C Tests 


(f) Test 19 
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(b) Test 21 


(e) Test 24 



(c) Test 22 

Fig. IV- IS Device Set D Tests 


(f) Test 25 
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(b) Test 27 ( e ) Test 30 



(c) Test 28 (f) Test 31 


Fig. IV- 14 Device Set E Tests 
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b. Fost - The post device was designed to position a 5% ullage 
bubble. Test 5 illustrated the weakness of the design as dis- 
cussed in the analysis. The bubble was in equilibrium, positioned 
to the side of the device. In test 3, the device came the closest 
to positioning the bubble, but, in this case, the post could not 
center the bubble because it was too long. 

The post device with small vanes at the base was designed for a 
20% ullage volume. In tests 4, 5, and 6, it centered smaller ul- 
lage bubbles, but the bubbles had no stability. The slightest 
disturbance would position the bubble elsewhere. Test 2 produced 
a more typical result. In test 10, the device was still in the 
process of centering a 20% bubble when the test ended. 

o. Standpipe - The standpipe tested had a 0.4 R diameter and a 
height necessary to position a 5% ullage bubble. It was hollow 
but did not have any openings at the base; at low liquid volumes 
there was no liquid inside the standpipe. At low fill levels, 
the device positioned most of the liquid over the outlet (see 
tests 1, 6, and 8). The other stable state, with the bubble off- 
set to the side of the device, was demonstrated in the tests with 
ullage volumes of 85% and greater. The bubble was not centered 
in any of the tests. In tests 2,3 and 4, the bubble was behind 
the standpipe, as viewed by the camera. 

d. Post with Fingers - In device set A, the fingers were tested 
by themselves. Test 2 illustrated one of their disadvantages; 
the bubble became entrapped within the fingers. In Tests 3 and 
5, the device was capable of holding the bubble centered. The 
post was then added to the fingers to improve the positioning of 
the bubble. Centering of the bubble occurred in tests 10 and 11. 

The motion of the ullage bubble during the test is of interest in 
the case of some of the devices. As the bubble formed at high 
fill levels, a downward force was applied to the bubble. For ex- 
ample, with the fingers in test 4, the bubble formed, traveled to 
the bottom of the tank, rebounded, and returned to the top of the 
tank yielding the final position shown in the photograph. In test 
2, the fingers entrapped the bubble after it rebounded from the 
bottom of the tank. The initial force applied to the bubble prob- 
ably accounts for the bubble moving to the position on the top of 
the fingers in test 3. 
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e. Vanes - A number of vane devices with various profiles ana 
numbers of vanes were tested. Operation of the devices at low- 
and high-fill levels, and the vane pumping capability are dis- 
cussed. 

1) Low-Fill Levels - The number of vanes has a significant ef- 
fect on the amount of liquid that is positioned directly over the 
outlet. Test 14 offers a good relative comparison. The devices 
with eight vanes pulled liquid up within the vanes while the de- 
vices with four and six vanes held most of the liquid over the 
outlet. The difference between and eight-vane and 12-vane device 
is not as significant, as can be seen in tests 32 and 33. The 
vane profile near the outlet will influence the amount of liquid 
held over the outlet. An example is shown by the results from 
test 26. Due to the heart-shaped profile of the 12-vane device, 
all of the liquid was pumped into and held within the vanes. In 
the same test, however, an eight-vane device with the same pro- 
file allowed some liquid to be over the outlet. In comparison, 
the circular profile vanes, which are closer to the tank wall, 
allowed more liquid to be over the outlet. Similar results were 
obtained in tests 32 and 33 with the device composed of large and 
small vanes . 

2) High Fill Levels - With a 0° orientation and small ullage 
volumes, the bubble should form and remain centered. Again, the 
profile and number of vanes influenced device performance. In 
test 16 , the bubble was displaced to the side of the device with 
six circular vanes , while the device with eight circular vanes 
exhibits better ullage bubble centering. The eight-vane device 
with the heart-shaped profile centered the bubble best in that 
test. The same result was obtained in test 28; both of the de- 
vices with circular vanes had offset bubbles, while the heart- 
shaped vane devices centered the bubble. 

3) Pumping Capability - The 90 and 180° orientation tests were 
conducted to demonstrate device pumping capability. Given suf- 
ficient time, the devices should be able to center the ullage 
bubble from its initially displaced position. In the 90° orienta- 
tion tests with 50% fill, most of the vane devices were still in 
the process of orienting the bubble at the end of the test. The 
sharp curvature of the interfaces in tests 18 and 30 showed that 
equilibrium had not been established. In test 18, the four-vane 
device centered the bubble before the end of the test. 
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The existence of other stable locations for the bubble was demon- 
strated when the devices were tested with small ullage volumes and 
90° orientation. 

In tests 19 and 31, the bubbles remained in an equilibrium posi- 
tion to the side of the devices, except for one device in each 
test. In test 19, the small device with four circular vanes did 
center the bubble. The same was true of the 12-circular-vaned 
device in test 31. The reason that this other stable position 
exists is discussed in the Chapter III analysis. 

Breakup of the ullage bubble occurred with some of the vane pro- 
files when they were tested at an orientation of 180°. The effect 
of the breakup can be seen in tests 17, 29, and 34. Devices were 
designed, based on the analysis, to eliminate the breakup. The 
six- and eight-vane devices with a heart-shaped profile, employed 
in test 34, showed that breakup will not occur if that profile 
is used. 

f. Standpipe with Vanes - Device sets C, E, and F each had a 
standpipe with vanes and a vane device having the same vane pro- 
file and number vanes. This allowed a comparison of the opera- 
tion of a vane device with and without a standpipe. The stand- 
pipe in set F is hollow and has openings near the base, while 
the other standpipes were solid posts. 

In test 14, the standpipe with vanes held more liquid closely 
about the outlet than the device with vanes alone. The same was 
true for these two devices in test 33. Centering of the ullage 
bubble was still a problem with the circular-vaned standpipe, as 
shown by test 16. Centering occurred with the standpipe having 
heart-shaped vanes (test 28) . Pumping of the bubble was not im- 
proved by the standpipe and other stable locations for the bubble 
can exist (test 31). Bubble breakup was still a problem with 
the vaned standpipe (tests 17 and 29) , but can be eliminated with 
the properly designed vane profile (test 34). 

2. Communication Channels 


The crevices formed at the joints of the glass spherical segments 
and the flange of the test fixture served as communication chan- 
nels. Tests were run at low fill levels and a 180° orientation 
to demonstrate the operation of the channels. The channels were 
quickly filled with liquid, and, toward the end of the test, liq- 
uid was observed filling the base of some of the devices. This 
was true in test 27. In test 15, the liquid was initially in con- 
tact with the top of the devices, so liquid was oriented both by 
pumping along the device itself and by pumping along the channels. A 
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gap between the base of the standpipe with vanes and the flange of 
the fixture caused the liquid to remain oriented at the top of the 
tank. Once the communication channels filled that gap with liquid, 
orientation of the liquid would continue until all of the liquid 
was pumped to the device. 

Stability Tests 

a. Axial Stability - The first three stability tests were aimed 
at establishing the relative axial stability of the five devices 
in set D. A post device was included in this set to serve as a 
reference, since the axial stability of this device has been 
analyzed in detail. 

Bond number was used as the scaling parameter to determine the 
spring force that would give the test fixture the required ac- 
celeration. The effect of inertial forces with respect to capil- 
lary forces is the same in both the model and the full-scale tank 
when the Bond numbers are identical. Selection of the three Bond 
numbers to be used was based on the stability curve for the post 
device (Fig- III-10) and available spring motors. Table IV-2 
lists the forces and accelerations applied to the fixture in each 
test. 


Table IV-2 Bond Numbers for Stability Tests 


Test 

No. 

Spring Motor 
Force, lb^ 

Acceleration, g 

Bond 

Number 

20 

2 

5.88 x 10 -3 

1.30 

21 

3 

8.82 x 10" 3 

1.95 

22 1 

6 

17.70 x 10 -3 

3.90 


Scaling factors, between the model and the full-size tanks are 
listed in Table IV-3. 

For the fuel tanks, the_accelerations modeled by the subscale tanks 
were on the order of 10 g. For the oxidizer tanks, the testing 
simulated an actual acceleration of about 10" g. These accelera- 
tions correspond to the adverse axial disturbances expected dur- 
ing the baseline and other typical missions. 
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Table IV-3 Scaling Factors 


Propellant 

Tank Radius , 

Actual 

Model 

Acceleration 

Model 

Actual 

Flox 

17.7 

965 

MMH 

14.4 

151 

f 2 

16.2 

840 

n 2 h 4 

16.2 

113 


For each device and each Bond number there is a liquid volume 
that will remain oriented in a stable fashion at the bottom of 
the tank. When the acceleration acting on the tank is constant, 
liquid will continue to flow away from the device until this 
equilibrium volume is reached. 

The post had a decreasing stable amount of liquid held about the 
device as the test acceleration was increased. These volumes 
corresponded to the volumes predicted by the analysis. In com- 
parison, the vane devices have a much higher stability. Devices 
with eight vanes demonstrated more stability than devices with 
six vanes. The standpipe with vanes had the most stability of 
the five devices. 

b. Lateral Stability - The results obtained from tests 23, 24, 
and 25 demonstrated the lateral stability of the five devices in 
set D. The same accelerations were used in this series of tests, 
so the scaling factors listed in Table IV-3 apply. 

The post had very little lateral stability; the bubble was dis- 
placed to the side of the device . in all three tests. In test 25, 
the acceleration produced a hydrostatic head which exceeded the 
capillary force acting to center the bubble for all the devices. 
Comparing the relative displacement of the bubble in tests 23 and 
24, the relative pumping capability of the devices was established. 
It was found that the standpipe with vanes had the highest lateral 
stability of all the devices. 
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V. 


COMPARATIVE EVALUATION 


Two comparative evaluations were performed during the program. The 
first evaluation was devoted to comparing and rating the candidate 
propellant acquisition systems to select a system for recommenda- 
tion to the Jet Propulsion Laboratory for further study and design. 
The second evaluation was concerned with comparing the relative 
properties and characteristics of three specified propellant com- 
binations in regard to propellant acquisition system operation. 

The purpose of the second evaluation was to determine if the use 
of a particular propellant combination offered any advantages in 
regard to propellant acquisition system design. A description of 
the approaches taken in each evaluation and the results obtained 
are presented in the following sections. 


A. PROPELLANT ACQUISITION SYSTEM EVALUATION 


The propellant acquisition system evaluation was based on data and 
information obtained from the analytical and experimental studies 
discussed in previous chapters of this report. Six candidate sys- 
tems, also discussed in previous chapters, were selected for eval- 
uation. These candidates were: 

Category A - Compartmented tank; 

Category B - Cruciform; 

Category C - Standpipe, 

Post with fingers. 

Vanes , 

Vaned standpipe. 

The evaluation process consisted of rating the ability of each 
candidate to satisfy various criteria that included both opera- 
tional and fabricational considerations. A discussion of the evalua- 
tion criteria, the rating system, and the results obtained are pre- 
sented in this section. 
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1 . 


Evaluation Criteria 


The candidate system evaluation criteria were generally categorized 
into two areas: operational, and fabrication and assembly. The 

operational considerations included those factors associated with 
the operation and function of the propellant acquisition system. 
Fabrication and assembly considerations included those factors 
affecting or influencing manufacture of the system and its instal- 
lation into the propellant tank. The criteria are discussed in 
the following paragraphs. In defining criteria, it is desirable 
that each criterion should be independent of all others. However, 
it 'will be apparent that considerable interaction or interdependence 
will exist between various criteria. This condition results from 
the fact that the various requirements for the acquisition system 
are not always independent of one another. 

a. Operational Considerations 

Gas-Free Liquid Expulsion - Gas-free liquid expulsion is one of 
the most important criteria on which the propellant acquisition 
system is evaluated. This criterion is the primary function or 
objective of the propellant acquisition system. Influences that 
were considered in determining the ability of the acquisition sys- 
tem to provide gas-free liquid expulsion were: (1) the manner in 

which liquid is oriented about the device in low g; (2) stability 
of the liquid orientation; (3) susceptibility to gas ingestion due 
to dynamic effects such as slosh during settling and suction dip; 

(4) communication provided between displaced liquid and outlet 
region; (5) simplicity of outlet design; and (6) relative expul- 
sion efficiency. 

Slosh Control - Slosh control is a desirable acquisition system 
characteristic, not only because of gas-free liquid expulsion con- 
siderations, but because of the influence slosh might have on the 
operation of the vehicle attitude and guidance and control systems. 
Factors considered in evaluating the acquisition systems slosh con- 
trol capability were: (1) effectiveness of the device as a baffle; 

(2) quantity of liquid retained in restart reservoirs; and (3) 
stability of the interface under to lateral and axial disturbances. 

Center of Gravity Control - The ability of the propellant acquisi- 
tion system to maintain a predictable vehicle eg during mission 
coast phases is important in order to minimize attitude control 
system requirements. It is also important that the system maintain 
uniform or symmetrical propellant distribution during the settling 
that occurs when the main engine is started. Unsymmetrical settling 
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could cause dynamic loads in excess of guidance and control system 
capabilities. Factors that affect the eg control provided by the 
acquisition system invole the quantity of liquid retained in re- 
start reservoirs, the bubble centering and retention capability, 
the actual ullage volume considered, and communication capability. 

Emergency Pressure Relief - It is a system requirement that emer- 
gency pressure relief be provided the propellant tank. From the 
standpoint of both chemical reactivity, propellant conservation, 
and venting efficiency, it is necessary that only gas be vented. 
Therefore, the propellant acquisition system must provide suffici- 
ent bubble orientation to assure that the ullage is always located 
at the vent port. This requirement would apply to the entire range 
of ullage volumes expected during the mission. 

Thermal Gradient Sensitivity - Normal system heat leaks through 
tank supports and propellant feed lines may establish thermal 
gradients across the propellant tank. The propellant acquisition 
system should be insensitive to these gradients. Considerations 
in evaluating the ability of the acquisition system to tolerate 
thermal gradients were: (1) quantity of propellant trapped form- 

ing heat reservoirs or sinks; (2) thermal effect on capillary pump- 
ing method employed; (3) thermal effect on liquid interface stabil- 
ity; and (4) effect of propellant vaporization. 

Pressurization Sensitivity - The impact of pressurization system 
requirements on the evaluation of propellant acquisition system 
operation included the following considerations: (1) ullage break- 

up due to inlet gas impingement on interface; (2) regulator opera- 
tion including maximum flow rate and response time; and (3) bubble 
orientation to prevent liquid from entering the lines and disrupt- 
ing regulator and vent value operation. 

Ground Cooling Integration - For the oxidizer propellant systems, 
incorporation of ground cooling of the propellant is required. 

For each acquisition system concept, it is desirable from an in- 
stallation standpoint that the coolant circuit be incorporated as 
part of the device. However, this requirement may complicate the 
design to the point where manufacturing, cleaning, and even opera- 
tion may be impaired. Factors such as size of the acquisition 
device would determine whether cooling coils could be integrated. 

In those devices employing vanes, it may be possible to use the 
vane surface as a fin to increase cooling efficiency. 
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Operating Flexibility - Evaluation of the operating flexibility 
of each candidate system was based on the system's ability to tol- 
erate normal variations in operating parameters . Consideration 
must be given to: (1) sensitivity to contact angle and surface 

tension degradation; (2) sensitivity to ullage volume variations; 
(3) changes in propellant properties; (4) capability of withstand- 
ing acceleration environments exceeding mission criteria; and (5) 
sensitivity to normal performance tolerances on parameters, such 
as thrust, flow rate, and impulse bits. 

System Fleocibility - System flexibility of a propellant acquisi- 
tion system, as opposed to operating flexibility, is concerned 
with the effect of major changes in system requirements. Such 
changes would include modified burn schedules, repackaging of the 
propulsion system, tank geometry modifications, and complete mis- 
sion profile changes. 

Relative Development Required - This criterion was based on: (1) 

previous design, development, and manufacturing experience asso- 
ciated with each concept; (2) the complexity of each conceptual 
design; and (3) additional testing that is required to prove and 
develop the concept. 

Relative Weight - A relative weight assessment was developed for 
all candidate concepts . 

Relative Reliability -.A comparison of relative reliability was 
developed for each candidate concept. The following factors were 
considered: (1) possible loss of liquid from annulus or trap 

volumes; (2) susceptability of barriers to dry out; (3) possibility 
of liquid displacement from outlet; (4) material compatibility 
problems; (5) potential material failure; (6) pore clogging; and 
(7) thermal stresses created by low operating temperature. 

Structural Integrity - Evaluation of each concept in regard to 
structural integrity considered the following factors: (1) opera- 

tional load constraints; (2) vibration sensitivity of the concept; 
(3) thermal shocks associated with propellant loading; (4) loads 
created by slosh; and (5) potential structural problems associated 
with system installation in tank. 

Loading and Handling - Loading and handling considerations affect- 
ing the acquisition system include those ground operations required 
to load propellants in the spacecraft and then transport and in- 
stall the spacecraft on the launch vehicle. Factors to be included 
in the evaluation are: (1) the necessity of vacuum loading the 

tanks; (2) oxidizer tank passivation and cleanliness requirements; 
(3) system cooldown prior to loading; and (4) handling limits such 
as tip angles. 
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Flight Acceptance Test Constraints - Since any system selected for 
design and development must ultimately pass flight acceptance test- 
ing, a relative evaluation of the difficulty of each candidate sys- 
tem to successfully complete flight acceptance was made. Various 
test considerations that might be part of a flight acceptance test 
program were included in the evaluation. The test areas included 
system leak checks, proof pressure testing, measurement of system 
weights, system dimensional checks, verification of system flow 
pressure losses, and environmental considerations such as vibra- 
tion and thermal. 

b . Fabrication and Assembly Considerations 

Material Limitations - Because of the required ten-year mission 
life and the reactive nature of the propellants, material charact- 
eristics present a severe problem for system fabrication. In eval- 
uating the candidate system concepts in regard to material limita- 
tions the following factors were considered: (1) propellant com- 

patibility; (2) material strength limitations particularly in 
bending; (3) required use of dissimilar metals; and (4) quality 
assurance of postassembly, integrity, and cleanliness. 

Joining Processes - Each candidate system was evaluated in regard 
to joining processes. An assessment was made as to the type of 
joints required and also if new joining techniques were required. 

An estimate of the compatibility of the joining methods used in 
the design with cleanliness requirements was also considered for 
each concept. Finally, the inspectability of the joints used in 
the system design was also considered. 

Modular Installation - One desirable feature in the design of an 
acquisition system is that it be capable of installation and re- 
moval through a 9-in. port on the propellant tank. An evaluation 
of the capability of each concept to permit the modular installa- 
tion concept was made. Factors considered in the modular instal- 
lation evaluation were: (1) constraints on the size of the device; 

(2) constraints on tank design; (3) ease of installation and re- 
moval; (4) special cleaning requirement; and (5) effect on device 
reliability . 

Cleaning Difficulty - The final consideration in regard to system 
fabrication and assembly evaluation was cleaning difficulty. Fac- 
tors included were the number and size of cavities and crevices 
inherent in the concept design. The number and type of connections 
and joints used in the concept design were also evaluated. 
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2 . 


Candidate Concept Rating 


The rating system used to evaluate and compare the candidate con- 
cepts was based on a quantitative procedure by which a figure of 
merit (FOM) was calculated for each concept. The candidate with 
the highest FOM was the system recommended for further study. This 
procedure, previously used in completing Contract NAS7-754 (Ref 
V-l) , is described in the following section. 

a. Rating Procedure - The first step in the procedure was to de- 
fine the necessary criteria to support the evaluation (discussed 
in preceding paragraphs). The next step was to assign a weighting 
factor to each of the defined criteria. This weighting factor is 
a measure of the relative importance of each criterion on a scale 
from 1 to 10 where 1 is least and 10 is most important. Table V-l 
presents the weighting factors established for the evaluation cri- 
teria. 


Table V-l Evaluation Criteria Weighting Factors 


Criterion 

Weighting 

Factor 

Operational Considerations 


1. Gas-Free Liquid Expulsion 

10 

2. Slosh Control 

7 

3. Center of Gravity Control 

8 

4. Emergency Pressure Relief 

9 

5. Thermal Gradient Sensitivity 

7 

6. Pressurization Sensitivity 

8 

7. Ground Cooling Integration 

6 

8. Operating Flexibility 

3 

9. System Flexibility 

1 

10. Relative Development Required 

2 

11. Relative Weight 

5 

12 . Relative Reliability 

10 

13. Structural Integrity 

6 

14. Loading and Handling 

4 

15. Flight Acceptance Test Constraints 

2 

Fabrication and Assembly Considerations 


1. Material Limitations 

3 

2. Joining Processes 

3 

3. Modular Installation 

7 

4. Cleaning Difficulty 

5 
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The third step in the procedure was to define rating factors for 
each candidate concept in regard to its ability to satisfy each 
of the evaluation criteria. The rating factors were based on a 
scale of 1 to 10 where 1 indicated the poorest and 10 the best 
compliance with the criterion requirements. Table V-2 presents 
the rating factors of each candidate concept as established for 
each evaluation criterion. These rating factors are discussed in 
paragraph b on the following page . 

Table V-2 Candidate Concept Rating Factors 
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The final step in the rating process was to calculate the figure 
of merit (FOM) for each concept. This was done by first calculat- 
ing the product of all concept rating factors and criterion weight- 
ing factors. The FOM for each concept was then obtained by taking 
the sum of the calculated products . The calculated FOM and the 
evaluation results are discussed in paragraph c following. 

b. Concept Rating Factors - In arriving at the rating factors for 
each concept, a relative comparison of the six candidate concepts 
was made for each evaluation criterion. In the following para- 
graphs, a brief discussion of the factors influencing the rating 
of concept is given. 

Operational Considerations - For gas-free liquid expulsion, the 
vaned standpipe device was judged best because of its ability to 
provide interface stability, bubble orientation, and symmetrical 
propellant settling. In addition, the standpipe provides a trap 
for holding restart propellant near the outlet. The vane concept 
was considered almost as good as the vaned standpipe except that 
it lacks the restart trap volume. A standpipe without vanes was 
downgraded slightly because it does not provide the interface and 
bubble orientation stability that the vaned systems do. The 
compartmented tank was downrated primarily because of the lack of 
communication means to restore displaced propellant to the outlet 
trap region. The primary objection to the cruciform system was the 
large quantity of propellant maintained in the device above the 
outlet which, during settling, moves rapidly down toward the outlet 
inducing unsymmetrical settling and possible bubble breakup and gas 
ingestion. Finally, the post with fingers was rated last because 
it offered the least interface stability of all the candidates. 

In regard to slosh control, the systems employing vanes were again 
rated highest because of the large surface area available for damp- 
ing. The vaned standpipe, because of the trap volume, was judged 
better than the vane system. The compartmented tank was rated 
high because of the separated propellant volumes and the damping 
characteristics of perforated plates. The standpipe and cruciforms 
were considered about equal in slosh damping, both having relatively 
small surface areas. The post with fingers was judged the poorest 
because of no slosh damping capability at all. 

For eg control, both vaned systems were rated a maximum value of 
10 because of the control of the ullage bubble provided. The 
standpipe was rated next because of its ability to retain a quan- 
tity of trapped propellant and some control of the ullage bubble. 
The post with fingers was rated next because of the limited control 
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of the ullage bubble. The compartmented tank and the cruciform 
were rated last in regard to eg control. The compartmented tank 
was slightly better because of the division of the propellant into 
smaller volumes. The major disadvantage to the cruciform was its 
inherent characteristic of providing a displaced or off-centered 
ullage bubble. 

For emergency relief, the vaned systems were again rated highest 
because of their ability to maintain the ullage bubble in the vicin- 
ity of the vent port. The compartmented tank was rated next high- 
est because of the ullage barrier provided by the design in the 
top of the tank. The remaining concepts were rated in order: 
standpipe, post with fingers, and cruciform, based on their rela- 
tive ability to control the ullage. 

The primary consideration in evaluating sensitivity to thermal 
gradients is the quantity of propellant maintained in a reservoir 
or heat sink. Based on this consideration, the vaned systems were 
determined to better fulfill the criterion, with the vaned stand- 
pipe being the best because of the trapped volume. The standpipe 
was judged next best, followed by the cruciform which tended to 
maintain liquid along the center of the tank. The compartmented 
tank was rated the system most susceptible to thermal effects. 
Although a significant reservoir is available to absorb heat leaks, 
the compartmented tank lacks the communication means necessary to 
pump liquid into the outlet compartment to replace vaporized pro- 
pellant. All other concepts have a means of pumping propellant to 
the outlet region to replace any propellant that may have been 
vaporized. 

The sensitivity of the acquisition system concepts to pressuriza- 
tion system operation is based on similar considerations as those 
for the emergency pressure relief capability. The compartmented 
tank in this case was rated above the vaned systems because of 
ullage volume maintenance at the pressurization inlet port. The 
ullage volume, in addition to protecting the tank pressure regu- 
lator lines from, filling with propellant, also tends to act as a 
diffuser and prevent high velocity gas impingement on the bulk 
liquid. The vaned systems, while normally maintaining the ul- 
lage orientation, do have the potential risk of allowing liquid 
to enter the pressurization lines and interfering with regulator 
operation. The standpipe was down rated further because the same 
problem could occur, but to a greater degree. The cruciform was 
rated lowest because of its inability to control ullage adequately. 


V-9 



The requirement to integrate ground cooling coils in the oxidizer 
tank appeared to be best accommodated by the compartmented tank 
system. The required tubing could be incorporated in the cover 
plate design as structural members without imparing operation of 
the trap. Therefore, the compartmented tank system was rated high- 
est. The standpipe with vanes in which the standpipe contained 
the cooling f low channels was rated as the next best concept. In 
this arrangement the vanes would act as fins to increase heat trans- 
fer surface. The cruciform and the standpipe were judged the same 
with respect to cooling coil integration. Both concepts could ac- 
commodate cooling tubes but would not have much additional surface 
for heat transfer. The pos t-with -fingers concept was rated next 
on the assumption that the fingers would, themselves, be made of 
tubing. The vaned post concept was rated the same as the fingers 
because of the uncertainty of being able to integrate tubes in 
the post of a size sufficient to support the cooling needs. 

Operating flexibility of the vaned systems was considered best be- 
cause these systems have greater stability over the normal opera- 
tion conditions expected. The vaned standpipe was judged better 
of the two concepts because of the included trap. The standpipe 
and the cruciform were selected in that order as the next best. 

These systems were considered to be more sensitive to accelera- 
tion environments than the vaned systems and, therefore, were down- 
graded somewhat. Compartmented tanks were rated lower because the 
design is not as flexible as far as ullage variation is concerned. 
Furthermore, the volume of the propellant trap would tend to limit 
the number of impulse bits before main propellant settling would 
be required to refill the trap. The post with fingers was rated 
last because of the lack of stability under lateral or adverse 
accelerations . 

System flexibility of the concepts were given the same relative 
ratings as those under the previous operating flexibility criterion. 
The vaned system concepts were found to be less influenced by changes 
in mission requirements than the other concepts. Sensitivity to 
tank volume changes or burn schedules did not impact as greatly on 
the vane systems as on compartmented tank, which must be designed 
for operation over a limited range of parameters. 

Relative development required for the compartmented tank is less 
than for the other concepts. Therefore, this concept was given 
the highest rating. Trap systems have the greatest amount of de- 
sign, drop tower test, and operational experience of all the con- 
cepts. A standpipe, because of its simplicity, would require less 
development than the remaining concepts. Ratings of the remaining 
concepts are related to their estimated development requirements. 
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The estimated relative weights of the concepts are presented in 
the ratings. The post-with-fingers concept was lightest while the 
compartmented tank was heaviest. 

In regard to relative reliability, the vaned systems were rated 
highest because of their ability to maintain liquid at the outlet 
under both adverse acceleration and thermal conditions. The vaned 
standpipe was judged somewhat better because of the trapped liquid 
within the standpipe. The rating of the standpipe alone was re- 
duced because, without vanes, its liquid holding capacity is re- 
duced. However, it still scored higher than the remaining concepts. 
The compartmented tanks were given the lowest reliability rating 
because of potential losses of fluid from the trap due to propellant 
vaporization, barrier dry out, or pore clogging. All the concepts 
except the compartmented tank have communication capabilities that 
allow the pumping of displaced liquid to the outlet. 

The structural integrity of the standpipe was considered best be- 
cause of the simplicity of the design together with its ruggedness 
to withstand vibrational and thermal shocks. The system was also 
easiest to install in the propellant tank. The compartmented tank 
was considered second best because of durability and strength. 
However, the barriers are more difficult to install in the tank 
and, therefore, the compartmented tank was downrated slightly. 

The post with fingers was rated as third in regard to structural 
integrity. Because of small surface areas involved, the effects 
of slosh is negligible on this concept. Thermal effects should 
also be insignificant. However, because the fingers are canti- 
levered rods, some vibrational effects may be significant. The 
cruciform system was rated about the same as the post with fingers. 
The cruciform does not have the vibrational problem associated with 
the post with fingers because it is fastened to the tank at both 
ends. However, the fact that the device is attached at both ends 
does introduce problems associated with thermal expansion, partic- 
ularly in the oxidizer tank where significant temperature differ- 
ences will occur during cooldown and propellant loading. For this 
reason, the cruciform was rated slightly lower than the fingers. 

The vaned systems were rated equal but lower than the other concepts. 
The low rating was due to slosh loading on vane surfaces, possible 
vibration sensitivity, and tank installation problems. 

In regard to loading and handling, the standpipe and post-with- 
finger concepts were given high ratings because they are relatively 
insensitive to the propellant loading requirements, passivation 
does not appear to be a difficult problem, and they do not require 
handling limits such as tip angles. The cruciform system was down- 
rated slightly because of possible thermal expansion problems dur- 
ing cooldown and propellant loading. Passivation of the cruciform 
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may also be more difficult because of more comers and welds in 
the design. Vane systems were downrated because of passivation 
and cleanliness problems associated with the oxidizer requirements. 
The vane systems have large surfaces' and many comers that are dif- 
ficult to clean and passivate. The compartmented tank was rated 
last because of cleaning and passivating problems, possible need 
for vacuum loading of the tank, and susceptibility of partially 
emptying propellant traps if the system is tipped during installa- 
tion on the launch vehicle. 

In regard to flight acceptance testing, the standpipe, cruciform, 
post with fingers, and compartmented tank were all rated high and 
in that order. The standpipe was rated highest because of its 
simplicity in both design and operation. The cruciform and com- 
partmented tank were downrated because the greater complexity of 
these systems would result in some difficulty in verifying weight, 
dimensional, and flow characteristics. Vibrational testing re- 
quirements may create problems for flight acceptance of the post- 
with-finger concept. The vaned systems were rated lowest because 
they are the most complex in design. Dimensional checks are more 
difficult because of a large number of tolerances involved in the 
design. 

Fabrication ccnd Assembly Considerations - In regard to material 
limitations, the standpipe was rated best because of its design 
simplicity and ease of operation. The post -with -fingers and cru- 
ciform concepts were rated next in that order, also because of 
their simplicity. None of these three systems require the use of 
dissimilar metals. The compartmented tank was downrated because 
the perforated plate would complicate postassembly cleaning and 
structural integrity. The vaned systems were rated lowest because 
of the bending problems associated with installation and removal. 

The resulting bending stresses impose severe restrictions on mate- 
rial and material thickness required in the design. 

The different joining processes for each concept were evaluated. 

Both the standpipe and pos t-with-finger concepts were given the 
maximum rating because they require the least number of joints. 
Furthermore, there are no requirements for development of new join- 
ing techniques. The cruciform was rated slightly lower because of 
the necessity to attach both ends of the device to the propellant 
tank. The vaned systems were rated next with the vanes concept 
given a little higher rating than the vaned standpipe. The dif- 
ference in rating is attributed to the more complicated design of 
the vaned standpipe, which requires more joints. The compartmented 
tank was rated last because of the large number of welds in the de- 
sign. The vaned systems and the compartmented tank have joints that 
might be difficult to inspect. 
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In regard to modular installation, the standpipe was judged best 
because it can be installed and removed through the 9-in. hole 
without any major difficulty. The system is reusable and inter- 
changeable with other propellant tanks. The cruciform and post- 
with-fingers concepts were next in rating. Both systems require 
a more complicated installation procedure. The cruciform system 
must be attached at both ends of the tank while the fingers must 
be bent or sprung slightly to enter the tank. The vaned systems 
were rated next in ability to comply with modular installation. 

The major difficulty with both vanes and vaned standpipes is that 
special tooling must be developed to roll and unroll the vanes 
without permanent bending or tearing. The installation procedures 
required by these systems also has a significant influence on the 
design of the tank outlet. The vanes were considered easier to 
install than the vaned standpipe and, therefore, was given a higher 
rating. The compartmented tank system could not use a modular in- 
stallation concept and, therefore, was given the lowest rating. 

Rating of the systems in regard to cleaning difficulty indicated 
that the standpipe and pos t-with-f ingers concepts provided the 
fewest cavities and cracks in which to accumulate contaminants. 

They also have the fewest number of joints and connections. The 
cruciform was rated slightly lower because of a mechanical connec- 
tion at the forward end of the propellant tank. The mechanical 
connection would present a cleaning problem. Ratings of the vaned 
systems were significantly lower because of the cavities and cracks 
inherent in the design. The vanes were given a slightly higher 
rating than the vaned standpipe because the design is somewhat 
simpler. The compartmented tank was given the lowest rating be- 
cause it has the largest number of potential contaminant traps. 

c. Rating Results and Concept Recommendations - The figures of 
merit (FOM) calculated for each concept are presented in Table 
V-3. Three FOMs were calculated for each concept. The first was 
an operational FOM based on the operational evaluation criteria. 

The second was a fabrication FOM based on fabrication and assembly 
evaluation criteria. The third was an overall concept FOM based 
on the summation of the first two. 

From the operational FOM data given in Table V-3, the vaned stand- 
pipe has the highest value while the pos t-with-f ingers concept has 
the lowest value. Therefore, from operational considerations, the 
vaned standpipe is superior. The vanes concept was second best. 
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Table V-3 Calculated Figures of Merit for Candidate Concepts 




Category 








A 

B 

C 




Evaluation Criteria 

Compart- 
ment ed 
Tank 

Cruci- 

form 

Stand- 

pipe 

Post 

with 

Fingers 

Vanes 

Vaned 

Stand- 

pipe 

Operational Considerations 
1. Gas-Free Liquid Expulsion 

40 

30 

70 

10 

80 

100 

2. 

Slosh Control 

56 

21 

21 

7 

63 

70 

3. 

Center of Gravity Control 

16 

8 

40 

24 

80 

80 

4. 

Emergency Pressure Relief 

72 

9 

45 

27 

90 

90 

5. 

Thermal Gradient Sensi- 
tivity 

7 

35 

49 

14 

63 

70 

6 . 

Pressurization Sensitiv- 
ity 

80 

8 

40 

24 

72 

72 

7. 

Ground Cooling Integra- 
tion 

60 

42 

42 

30 

30 

48 

8. 

Operating Flexibility 

9 

15 

18 

3 

24 

30 

9. 

System Flexibility 

3 

5 

6 

1 

8 

10 

10. 

Relative Development 
Required 

20 

4 

16 

2 

12 

10 

11. 

Relative Weight 

15 

40 

45 

50 

35 

30 

12.1 

Relative Reliability 

10 

50 

70 

30 

90 

100 

13. 

Structural Integrity 

48 

36 

60 

42 

30 

30 

14. 

Loading and Handling 

4 

32 

40 

40 

20 

20 

15. 

Flight Acceptance Test 
Constraints 

14 

18 

20 

16 

6 

2 


Operational FOM 

454 

353 

582 

320 

703 

762 

Fabrication and Assembly 
Considerations 

1. Material Limitations 

18 

24 

30 

27 

12 

12 

2. 

Joining Processes 

9 

24 

30 

30 

18 

15 

3. 

Modular Installation 

7 

63 

70 

63 

49 

42 

4. 

Cleaning Difficulty 

5 

45 

50 

50 

30 

25 


Fabrication FOM 

39 

156 

180 

170 

109 

94 


Concept Figure of Merit 

493 

509 

762 

490 

812 

856 


V-14 







































In regard to fabrication and assembly, the standpipe concept had 
the highest FOM and was the most desirable. In that respect the 
vaned standpipe system rated next to last as far as fabrication 
and assembly considerations were concerned. The low rating was 
attributed to the concept's design complexity. 

The overall concept FOM for the vaned standpipe was the highest. 

The high operational rating of this concept offset the lower fab- 
rication FOM rating. The lowest overall FOM was given to the post- 
with-fingers concept. Although fabrication and assembly ratings 
of the finger concept were high, the overall concept FOM was low 
because of poor performance. 

The overall ranking of the candidate concepts as defined by the 
concept FOM is : 


1) 

Standpipe with vanes; 

4) 

Cruciform; 

2) 

Vanes ; 

5) 

Compartmented tank; 

3) 

Standpipe; 

6) 

Post with fingers. 


Based on these evaluation results, the vaned standpipe was recom- 
mended to JPL for approval as the preferred concept. Approval of 
the concept recommendation was received on April 26, 1972. 


B. PROPELLANT COMBINATION COMPARISON 


The propellant combinations specified for evaluation were Flox/ 
monomethylhydrazine, f luorine/hydrazine, and oxygen difluoride/ 
diborane. In these combinations both earth-storable and space- 
storable fuels were used. To compare earth- and space-storable 
oxidizers as a matter of interest, nitrogen tetroxide was also 
included in the evaluation. The performance factors included in 
the evaluation were propellant physical property variations, 
liquid-gas interface stability, capillary pumping capability, 
ullage variations with temperature, and tank pressure variations 
from ullage and temperature changes. Each of these considerations 
are discussed in the following subsections. 


V-15 



1 . 


Propellant Property Comparison 


2 . 


The first step in the evaluation process was to assemble over the 
applicable temperature ranges those propellant physical properties 
pertinent to acquisition device performance. These properties, 
in addition to providing a means of propellant comparison, were 
also used in calculations supporting other evaluations. Table 
V-4 presents the assembled data for each propellant. In general, 
space storable properties tend to vary more over their applicable 
temperature ranges than do earth storables. Therefore, it would 
be expected that performance of a propellant acquisition device 
would vary more when used with space storables than with earth 
storables. One of the most important parameters affecting design 
and operation of a propellant acquisition system is the propellant 
surface tension. It is desirable that this parameter be as large 
as possible. Table V-4 shows that space storable fuels and oxidizers 
have lower surface tension properties and would, therefore, present 
a more difficult design problem. Other comparisons involving com- 
binations of propellant properties will be discussed in the fol- 
lowing subsections dealing with interface stability and capillary 
pumping characteristics. 


Gas-Liquid Interface Stability 


In any propellant acquisition system using propellant surface ten- 
sion to position ullage volumes in low-g, the stability of the re- 
sulting liquid/gas interface is indicated by the dimensionless 
Bond number: 


Bo 


p a R 2 

a 


[V-l] 


where 

p = propellant density, 
a = system acceleration, 

R = characteristic system dimension such as tank radius, 
o = propellant surface tension. 
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Table V-4 Propellant Property Comparison 
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^Calculated from fluorine and oxygen properties (Ref V-2, V-3, and V-4) for a weight mixture ratio of 88% fluorine 
and 12% oxygen. 


























































To evaluate and compare the effect of propellant properties on 
the Bond number and, therefore, the liquid/gas interface stabil- 
ity, all terms not associated with fluid properties were lumped 
into a constant, K, as follows: 



The parameter, p/a, called the interface stability index, is de- 
fined by the equation. Evaluation of this parameter provides a 
way of comparing interface stability for different propellants 
and propellant combinations on the basis of fluid properties only. 

The interface stability index was calculated for each candidate 
propellant and nitrogen tetroxide at the nominal operating tempera- 
ture. The results are summarized in Table V-5. 


Table V-5 Interface Stability Index 



Oxidizers 

Fuels 


Flox 

Fluorine 

Oxygen 

Difluoride 

Nitrogen 

Tetroxide 

Monomethyl 

Hydrazine 

Hydrazine 

Diborane 

Tempera- 
ture, °R 

155 

155 

250 

530 

530 

530 

250 

Interface 

Stability 

Index,* 

10 4 lb / 
m/ 

(i V f t 2 ) 

9.4 

10.4 

10.2 

5.05 

2.5 

1.5 

2.25 

*At nominal temperature. 


It is desirable that the stability index be as low as possible 
since a low index value would permit higher accelerations while 
maintaining a stable interface. The results in Table V-5 indicate 
that space storable oxidizers have stability indexes approximately 
twice that of the earth-storable nitrogen tetroxide. No such gen- 
eralization can be made for fuels because monomethylhydrazine and 
diborane stability indexes are about the same while hydrazine has 
a significantly smaller index. The fuel stability indexes are less 
than those of the oxidizers. 
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To compare the interface stability characteristics of the propel- 
lant combinations, the sum of oxidizer and fuel indexes for each 
combination was obtained from the data in Table V-5 and is pre- 
sented below. 

Propellant Combination Summation of Interface Stability Indexes 

Flox/MMH 11.9 x 10 4 

F 2 /N 2 H 4 11.9 x 10 4 

OF 2 /B 2 H 6 12.5 x 10 4 

The above data indicate that either Flox/MMH or F 2 /N 2 H 4 propellant 
combinations would be preferable from interface stability consid- 
erations . 

Calculations of interface stability indexes were also made for each 
propellant over the operating temperature ranges presented in Table 
V-4. These calculations were made to assess the effect of temper- 
ature on interface stability. The resulting stability indexes are 
presented in Fig. V-l and V-2 for oxidizers and fuels, respectively. 
Figure V-l shows that the interface stability of the earth-storable 
nitrogen tetroxide is significantly higher (lower index) than that 
for either of the space storable oxidizers. Furthermore, the sensi- 
tivity of the index to propellant temperature changes is much greater 
for the space storables than it is for N 2 0 4 . Thus, propellant ac- 
quisition devices, specifically designed for use with earth-storable 
N 2 0 4 may not provide sufficient liquid/gas interface stability if 
used with space-storable propellants. The large variation of the 
stability index with temperature for the space -storable propellants 
also implies that the acquisition device should be designed for the 
maximum propellant temperature rather than a nominal value. This 
criterion would prevent the system Bond number from exceeding a max- 
imum allowable value for stable interface conditions if the propellant 
temperature should rise above the nominal operating temperature. A 
similar criterion should probably be applied to earth -storable oxi- 
dizers although the temperature effect on the stability index is 
not nearly as great as the space-storable oxidizers . 
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Fig . V-l 'Effect of Temperature 



Interface Stability Index, p/a, 10 4 lb /(lb -ft 



200 300 V 500 600 

Temperature, °R 

Fig. V-2 Effect of Temperature on Fuel Interface Stability 
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3. 


The interface stability indexes for the fuels are shown in Fig. 
V-2. The magnitude of the stability index of space-storable 
diborane and earth-storable monomethyl hydrazine is about the same 
while that for earth-storable hydrazine is about 40% less. There- 
fore, no generalizations can be made regarding relative levels of 
earth-storable and space-storable indexes. As far as temperature 
sensitivity is concerned, the space storables again exhibit a 
greater variation with temperature than do earth storables. The 
same temperature design criterion, previously discussed for the 
oxidizers, would apply to the fuels. 


Capillary Pumping Index 


To determine the effect of propellant properties on capillary pump- 
ing capability, the Hagen Poiseuille equation for laminar flow 
(Ref V-ll) was combined with the Young-Laplace equation to produce 
a characteristic equation containing all pertinent fluid properties 
controlling capillary flow. The steps and assumptions made in the 
development of the characteristic capillary pumping equation were 
as follows. The Hagen-Poiseuille equation is given as: 


Q = 


/ P - p 

\ o z) 

4pz‘ 


[V-3] 


where 

Q = volumetric flow rate. 


P q = propellant pressure at channel inlet, 


P^ = propellant pressure at channel exit, 

R = channel radius , 
p = propellant viscosity, 
z = channel length. 
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Lumping constants and geometric factors, the equation is simplified 
to: 

A modified Young-Laplace equation for pressure difference across 
the liquid gas interface can be written as: 

P_ - P T = K a cos 0 
G L 

where 

P = gas pressure, 

G 

P = liquid pressure, 

Li 

K = curvature of liquid gas interface, 

0 = propellant contact angle. 

Solving for P , 

L 

P T = P - K a cos 0. [V-6] 

L G 

Solving for the liquid pressure at the channel outlet and inlet 
and taking the difference yields: 

P - P = a cos 0 [k - K 1 [V-71 

o z I z o 

where 

K = interface curvature at channel exit , 
z 

K = interface curvature at channel inlet, 
o 

It is assumed that the fluid temperature is constant in the channel 
so that a and 0 are constant. Substituting the pressure difference 
expression in the flow equation yields, 

Q = C > [ K z - K o] [ £ - £ 7 L ^]‘ ( V - 8 1 

which can be rewritten as: 

Q - C 2 [2_£2-_ej. [V-9] 


[ V-4] 


[V-5] 
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The parameter, a cos 0/p, called the capillary pumping index, is 
defined by this equation. Since this parameter is a function only 
of propellant properties, it provides a means of comparing capil- 
lary pumping capabilities of different propellants. 

Calculations of the capillary pumping indexes were made for the 
candidate propellants and nitrogen tetroxide at their nominal op- 
erating temperatures. The results are presented in Table V-6 . 

The capillary pumping index should be as large as possible because 
higher pumping rates reduce the time to reorient propellant should 
displacement from the tank outlet occur. From the table, it can 
be seen that the nitrogen tetroxide capillary pumping index is ap- 
proximately 5 to 18% greater than that for the space-storable oxi- 
dizers. For the fuels, the space-storable diborane is from 8 to 
45% greater respectively than MMH or hydrazine in capillary pump- 
ing capability. 


Table V-6 Capillary Pumping Index > Nominal Temperature 



Oxidizers 

Fuels 


Flox 

Fluorine 

Oxygen 

Difluoride 

Nitrogen 

Tetroxide 

Monomethyl 

Hydrazine 

Hydrazine 

Diborane 

Tempera- 
ture, °R 

155 

155 

250 

530 

530 

530 

250 

Capillary 

Pumping 

Index 

(Volume 

Basis)* 

1.97 
x 10 2 

1.82 
x 10 2 

1.75 
x 10 2 

2.06 
x 10 2 

1.34 
x 10 2 

2.32 
x 10 2 

2.5 
x 10 2 


*At nominal temperature and 0° contact angle. 


The capillary pumping characteristics of each propellant combina- 
tion were analyzed in a manner similar to that for interface sta- 
bility. Summation of the capillary pumping indexes for each pro- 
pellant combination is tabulated below. 

Propellant Combination Summation of Capillary Pumping Indexes 

Flox/MMH 3.31 x 10 4 

F 2 /N 2 H 4 4.14 x 10 4 

0F 2 /B 2 H 6 4.25 x 10 4 

The 0F 2 /B 2 H 6 propellant combination has a slightly higher pumping 
index than the F 2 /N 2 H 4 system. 
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Capillary pumping indexes were also calculated for each propellant 
over the operating temperature ranges specified in Table V-4 for 
contact angles of 0 and 20°. The capillary pumping indexes are 
plotted in Fig. V-3 and V-4 for the oxidizers and fuels, respec- 
tively. Figure V-3 shows that the maximum values of the pumping 
indexes for Flox and fluorine are about the same as that for nitro- 
gen tetroxide while the oxygen difluoride value is somewhat less . 
However, the variation of the index for fluorine or Flox is much 
more sensitive to temperature changes than for either oxygen di- 
fluoride or nitrogen tetroxide. The magnitude of this variation 
suggests that propellant communication channels used in Flox or 
fluorine systems should be designed for the low temperature limit. 
This criterion is necessary to assure adequate liquid pumping over 
the entire, allowable temperature range. For a given communication 
channel design, pumping would tend to increase as the propellant 
temperature increased. 

In regard to oxidizer sensitivity to contact angle variations, 
the nitrogen tetroxide pumping index appears to vary the most for 
a 20° contact angle change. This 6 to 7% variation in pumping 
index is only slightly larger than the variation due to temper- 
ature change. 

Analysis of the capillary pumping indexes for the fuels in Fig. 

V-4 does not indicate any major or significant differences in re- 
gard to either temperature or contact angle effects for either 
space- or earth-storable fuels. Design of communication channels 
for both space- and earth-storable fuels should be based on mini- 
mum operating temperature as discussed above for the oxidizers. 

The magnitude of the pumping indexes for diborane and hydrazine 
are the same while monomethyl hydrazine is about half as much as 
the hydrazine. The difference between the hydrazine and mono- 
methyl hydrazine is primarily attributed to the difference in 
surface tension of the two fuels. 

4 . Ullage Variation with Temperature 

The volume of the ullage bubble is a significant parameter in the 
design and operation of a propellant acquisition device. The 
Jupiter mission used in this program as a study guideline employs 
two short burns during transfer phase from Earth to Jupiter orbit. 
The transfer phase is approximately two-years long. During this 
period, heat additions or losses would tend to reduce or increase 
the ullage because of expansion or contraction of the propellant. 
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Fig. V-3 Effect of Temperature and- Contact Angle on Oxidizer Capillary Pumping 





o 

o 

vO 



oas/aj 00T ‘ rt /9 sod o ‘xapuj SuTdranj XxBTTTd^ 


V-27 


Fig. V-4 Effect of Temperature and Contact Angle on Fuel Capillary Pumping 


To evaluate the sensitivity of the tank ullage to propellant tem- 
perature changes, calculation of ullage fraction changes from an 
assumed initial ullage fraction value at the nominal propellant 
temperature were made over the specified temperature range. The 
development of the equation used to calculate the ullage fraction 
as a function of temperature is presented briefly as follows. It 
is assumed that the mass of the propellant is constant (i.e., 
vaporization or condensation of propellant during temperature change 
is neglected). The propellant tank volume is also assumed constant. 
Equilibrium temperature conditions are also assumed between gas, 
liquid, and tank. Based on these assumptions, 

V T = V „ + [V-10] 

Tup 

where 

= tank volume. 


V = ullage volume, 
u 

V = propellant volume. 

P 

The propellant volume is: 

V = M /p 
P P/ P 

where 

M = propellant mass, 

P 

Pp = propellant density. 
Then, 


M 

v = v + -2- 
T up 

P 


Solving for H^, 


M = p 
P P 



tV-11] 


tV-12] 


[V-13] 


V-28 
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Since M is assumed constant, 

P 

p (V m - V \ = p /V m - V \ 
po \ T uo ) p \ T u ) 

where subscript o refers to nominal conditions. Solving for V , 
the ullage volume at any temperature, u 


(-&) 

> 

I 

1 

> 

\ p / 

\ T uo/ 

\ p / 



Dividing by the tank volume which is assumed constant. 
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The ratio of V jV^ is the ullage fraction at temperature, T, while 
^uo/^T iS t * ie ullage fraction at nominal temperature T q . 

Values of v uo / v T °f 0.05, 0.10, 0.15, 0.20, and 0.50 were assumed 
for each propellant at its nominal temperature, T q . Various val- 
ues of T were assumed over the propellant operating temperature 
range and the corresponding value of V /V^ computed from the above 

equation. Figures V-5 and V-6 are plotted values of V^/V^ as a 

function of temperature for oxidizers and fuels, respectively. 
Since the Flox and fluorine densities are very nearly equal, the 
calculated ullage fractions are nearly equal so that only a single 
set of curves are shown. It can be seen from the Fig. V-5 that 
the slope of the ullage fraction curves for the space storable are 
steeper than those for nitrogen tetroxide. Therefore, ullages for 
the space-storable propellants are more sensitive to temperature 
variations. It is concluded that space-storable propellants pre- 
sent a more critical design problem for propellant acquisition de- 
vices because of the greater potential ullage variations. 


In Fig. V-6, the effect of temperature on ullage for the fuels is 
shown. Only one set of curves is shown for monomethylhydrazine 
and hydrazine since the density and density variations for the two 
propellants are about the same. The ullage variation with tempera- 
ture for both space-storable and earth-storable fuels is about the 
same so that no distinction can be made regarding propellant acquisi- 
tion design differences. 
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Fig. V-5 Ullage Fraction Variation with Temperature for Oxidizers 





Temperature, R 

Fig. V-6 Ullage Fraction Variation with Temperature for Fuels 





5. 


Tank Pressure Variation with Temperature 


In the previous section, the effect of temperature on ullage volume 
was discussed. Associated with the ullage and temperature change 
is a tank pressure change. Tank pressure variations can impact on 
the design of propellant acquisition systems in several ways. 

First, if large overpressure conditions develop with temperature 
changes so that venting is required, the propellant acquisition 
device must orient the ullage so that gas only is released through 
the vent port. A second effect on propellant acquisition system 
performance that results from overpressure conditions is the ex- 
cessive startup flow rate conditions with associated off-nominal 
thrust and mixture ratio. These conditions were previously dis- 
cussed in the section on pressurization system interactions. 

The purpose of this study is to evaluate the tank pressure rises 
that occur when propellant temperature and, therefore, tank ullages 
vary during the long orbit transfer phase of the mission. The as- 
sumptions made in the previous section are also applicable in this 
study. An additional assumption is that ideal gas behavior is fol- 
lowed. The tank pressure is given by Dalton's Law as: 


P T 


P + P 
6 V 


[V-17] 


where 

P T = tank pressure. 


P_ = noncondensible gas (helium) pressure, 

VJ 

Py = propellant vapor pressure. 

Assuming no change in noncondensible gas mass and applying the 
perfect gas equation. 


P V 
GO uo 

T 

o 

where 


V 

u 


T 


V = tank ullage, 
u 


I V— 18 ] 


T = system temperature. 
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and subscript o refers to nominal condition. Solving for P , 

VJ 



Dividing V and V by the tank volume, 
b uo u 



[ V— 19 ] 



[V-20] 


The terms V 

uo 

respectively . 


I 


V_ and V /V„ are the ullage fractions at T and T, 
T u/ T o’ 

These values were obtained from Fig. V-5 and V-6. 


The propellant vapor pressure is a function of the temperature 
only. That is, 

P V =P V (T). [V-21] 


Combining P and P in the 

vj V 


total tank pressure equation. 



(T). 


[ V— 22 ] 


This equation was used to calculate the tank pressures resulting 
from temperature and ullage changes during orbital transfer. To 
use this equation, a value for Pqq» the partial pressure of the 

noncondensible gas at nominal temperature, had to be defined. This 
value was obtained from Dalton's Law assuming a nominal tank pres- 
sure of 260 psia and a propellant vapor pressure corresponding to 
the nominal temperature. The calculated tank pressure versus tem- 
perature curves are plotted in Fig. V-7 and V-8 for oxidizers and 
fuels, respectively. The curves were based on a nominal initial 
ullage fraction of 0.05, 0.10, 0.15, 0.20, and 0.50. Only one set 
of curves is shown for Flox and fluorine and for monomethylhydrazine 
and hydrazine. Because of the similarity in density and vapor pres- 
sure of the two oxidizers and the two fuels, the calculated pres- 
sures were within a few percent of one another. Plotting the re- 
sults on the scales used in the graph made it difficult to dis- 
tinguish the curves for each propellant. However, the data are 
to be used as a relative comparison only so a single curve for the 
two propellants does indicate trends and characteristics for both. 
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Fig. V-7 Oxidizer Tank Pressure Variation with Temperature 













Temperature 


Figure V-7 indicates that the space-storable oxidizers exhibit a 
greater sensitivity to pressure variations than the earth-storable 
class. Two factors contribute to this condition: (1) greater ex- 

pansion of space-storable liquid volumes with temperature, and (2) 
higher space storable vapor pressures. From the figure, it can be 
seen that initial ullage fractions less than 20 % in space storable 
oxidizer tanks create extremely high pressure conditions. To ac- 
commodate these pressures, prohibitively heavy tanks would be re- 
quired. For earth-storable oxidizers, ullage fractions between 
0.05 and 0.10 could be used without the potentiality of extremely 
high pressures developing. 

Comparison of the data for fuels in Fig. V-8 shows that an initial 
ullage fraction of 0.10 produces maximum tank pressure conditions 
in the space-storable tanks equivalent to those in earth-storable 
tanks employing an initial ullage fraction of 0.05. In general, 
tank pressures occurring in space-storable fuel tanks are higher 
than those in earth-storable fuels. However, the differences are 
not as great as in the oxidizer tanks. 

6 . Propellant Comparison Conclusions 

The evaluations and comparisons showed that no major differences 
existed between the three specified propellant combinations with 
respect to propellant acquisition. For propellant nominal oper- 
ating temperature conditions, the Flox/MMH and F 2 /N 2 H 4 combinations 
exhibited slightly better interface stability characteristics than 
the 0F 2 /B 2 H 6 combination. However, the 0F 2 /B 2 Hg combination 
possessed the highest capillary pumping capability. The differ- 
ences between these characteristics were small so that no distinct 
recommendations of the best propellant combination for propellant 
acquisition could be made. 

A comparison of individual propellants on the basis of their stor- 
ability and nominal temperature ranges was also made. This com- 
parison indicated that space-storable propellants would present 
more difficult design problems in developing propellant acquisi- 
tion systems. In general, spacers torable propellants possess lower 
surface tension properties, possess lower interface stability char- 
acteristics, and provide lower capillary pumping capability than 
do earth storables. Furthermore, the interface stability and 
capillary pumping ability of space-storable propellants are more 
sensitive to temperature variations than those for earth storables. 
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Ullage volume is a critical parameter in the design of propellant 
acquisition systems. Because the liquid thermal expansion of 
space-storable propellants over their normal temperature range is 
greater than the corresponding expansions of earth-storable pro- 
pellants, greater variations in ullage volumes with temperature 
will occur with space storables. Therefore, if the acquisition 
system is to be designed for a specific range of ullage volume, 
space-storable propellants present a more difficult design problem 
because of ullage sensitivity to temperature. 
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VI. 


DETAIL DESIGN OF SELECTED SYSTEM 


The various candidate surface tension propellant acquisition de- 
vices were analyzed and evaluated to arrive at the one best con- 
cept. A standpipe with vanes was the concept most capable of 
meeting the acquisition system requirements for the baseline space- 
craft and mission. In this portion of the program the analysis 
and design of the standpipe with vanes was continued to further 
establish the capabilities and performance of the system. Evalu- 
ation of the interaction of the propellant acquisition system with 
the other spacecraft subsystems was also continued. Details con- 
cerning the materials of cons truction, fabrication and installa- 
tion of the device, testing, cleaning, loading and handling, and 
mission operation were considered. The result is a preliminary 
design of the surface tension propellant acquisition system for 
the baseline Space Storable Propulsion Module and the Jupiter 
mission. The basic design of this Fruhof-type system, however, 
is applicable to most envisioned interplanetary spacecraft. The 
design of the system and its operation are discussed in this chap- 
ter. 


A. SYSTEM DESIGN 


As a result of the effort in this phase of the program, engineering 
drawings of the Fruhof standpipe with vanes propellant acquisition 
concept were produced. Figures VI-1 and VI-2 show the concept as 
it would be applied to a typical oxidizer and fuel tank, respec- 
tively. The specific dimensions on the drawings are for the pro- 
pulsion system using the Flox/MMH propellant combination, but 
the same devices could be scaled to apply to the system with the 
F 2 /N 2 H 4 combination. 

The drawings represent only a preliminary evaluation of the design 
concept. The design and analysis were based on typical mission 
requirements and criteria. Further design, analysis, and defini- 
tion of requirements would be necessary before the drawings could 
be upgraded, leading to the actual fabrication of the device. 

Within the limits of the program, the illustrated devices are 
believed to best meet the acquisition system operation, integra- 
tion, and fabrication requirements. The devices will provide gas- 
free propellant to the engine on demand and will not hinder the 
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operation of any spacecraft subsystems, i.e., vent, pressuriza- 
tion, thermal control, ACS. An attempt was made to provide a 
design that is compatible with a 10-year life requirement and is 
capable of modular installation or removal through a 9-in. -diam- 
eter tank access port. A ground hold cooling system was inte- 
grated into the design for the oxidizer tank propellant acquisi- 
tion system. 

Two alternative acquisition system designs are also presented for 
the oxidizer tank. Rather than integrating the ground hold cool- 
ing system into the device, the coolant coils could be mounted on 
the internal tank wall, as shown in Fig. VI-3. The cooling coils 
would be welded as part of the tank structure and would also serve 
as communication channels. The device, however, could still be 
modular ly installed. 

If the requirements for modular installation and internal cooling 
coils were not essential, the same device could be fabricated 
as an integral part of the propellant tanks, as shown in Fig. VI -4. 
The device and the communication channel would both be welded to 
the tank wall during the tank fabrication operation. 

Details of the devices are discussed in the following paragraphs. 
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Fig . VI-1 Fruhof Low-g Surface Tension Propellant Acquisition System 3 Primary Design for Flox Tank 
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Fig. VI-2 Fruhof Low-g Surface Tension Propellant Acquisition System , Primary Design for MMH Tank 
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Fig. VI-3 Fruhol Low-g Surface Tension Propellant Acquisition System } Alternative Design for Flox Tank. 
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Fig. VI-4 Fruhol Low-g Surface Tension Propellant Acquisition System , All-Welded Design for Flox Tank 
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Oxidizer Acquisition System Design - Three specific designs were 
prepared for the oxidizer system and designated as primary, first 
alternative, and second alternative designs. All three designs 
are capable of meeting the mission's structural loading environ- 
ments. In addition, primary emphasis was given to satisfying the 
fluorine-based propellant fabrication requirements of maximum 
system cleanliness with zero contaminant trap area joining procr- 
esses . 

Fabrication, assembly, installation, and cleaning procedures will 
be discussed in the following paragraphs for each of the three 
oxidizer designs. 

a. Primary Design - Three major objectives were considered in 
developing the primary design. First, the design was to satisfy 
a modular installation technique described in Chapter III with 
minimum influence on the fabrication of the oxidizer tank. There- 
fore, all fabrication and assembly procedures have been designed 
to allow for the installation and removal of all acquisition device 
components through a 9-in. -diameter tank access port. Special 
tank fabrication requirements to accommodate this installation 
procedure were kept to a minimum. The second design objective 
was to integrate a LN 2 ground hold cooling coil into the acquisi- 
tion device. The third objective was to employ only acceptable 
fluorine-based propellant joining procedures in the design. 

1) Material Selection - Based on the spacecraft criteria sup- 
plied, the tank material for both the Flox and LF 2 baseline tanks 
was 22 19 -T 87 aluminum. Therefore, for the primary design, alu- 
minum alloys were specified for all of the acquisition device 
components to avoid any dissimilar material problems. Dissimilar 
material problems, such as F 2 galvanic corrosion, are discussed 
in Chapter III. 

2) Vane Fabrication and Assembly - To accommodate the modular 
tank installation procedure, the vanes of the primary design must 
be rolled into a diameter less than 9 in. However, due to the 
highly corrosive nature of F 2 or Flox and the long mission life 
required, vanes should be as thick as possible. Thus, these con- 
siderations, together with the results of the vane rolling struc- 
tural analysis in Chapter III, require that only 7075-T6 or 2219- 
T87 aluminum be used for the vanes. Based on the previous dis- 
cussion of fluorine compatible joining processes presented in 
Chapter III, the vanes can only be attached to the standpipe assem- 
blies by either fusion welding or by a completely sealed mechanical 
joint. Because a sealed mechanical attachment scheme is unworkable. 

Preceding page blank 
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it was decided to fusion weld the vanes to the standpipe. Fusion 
welding then limits the vane material to 2219-T87 aluminum, be- 
cause 7075-T6 cannot be welded. 

A butt welding technique using an increased vane thickness in 
the area of the weld is specified for attaching the vanes to the 
standpipe (see Fig. VI-1). This technique offers the best' chance 
of successfully welding the vanes to the standpipe assembly without 
vane warping or burnthrough. Thickened vanes in the weld area has 
been specified for two reasons: (1) they tend to reduce vane burn- 

through or warping during the welding process; and (2) the bending 
point is shifted away from the welded joint to a region on the 
vane having greater strength. When the vanes are welded to the 
standpipe, the vane material will be annealed in the area of the 
weld. Based upon the vane rolling structural analysis presented 
in Chapter III, a uniformly thick vane will have its maximum bend- 
ing point occur, during rolling, at its attachment point to the 
standpipe. Therefore, welding of a uniformly thick vane would 
reduce the bending capability of the vane because of the anneal 
involved. By increasing the vane thickness at the attachement 
point, the region of maximum bending stress shifted from this 
annealed area to the thinner T87 heat treated material. Based 
on the vane structural analyses using 2219-T87 aluminum and the 
standpipe dimensions shown in Fig. VI-1, the vane thickness of 
the primary design would be approximately 0.009 in. to accomplish 
modular installation. For an annealed 2219 aluminum, the vane 
thickness would have to be less than 0.002 in. These values are 
based on a tank access port diameter of 8.7 in. instead of 9.0 
in. to allow for some clearance of a vane rolling tool. The 
0.009-in. thickness appears to be a marginal minimum value for 
ten years' service in fluorine propellants based on present com- 
patibility knowledge. A vane thickness of 0.002 in. is unaccept- 
able; a vane with this thickness could not be welded and would 
not be compatible with a ten-year service requirement. 

To provide the dual thickness vanes needed for the primary design, 
a chemical milling process is shown. This milling process can be 
done before or after the vanes are welded to the standpipe assem- 
bly. If done after welding, the likelihood of warping or anneal- 
ing the vanes in the thin bending regions would be reduced. How- 
ever, if a vane is damaged in the milling process; the entire 
standpipe assembly would be rejected. If the vanes are milled 
before welding, vane damage would not require rejection of the 
standpipe assembly. However, the possibility of vane warping or 
annealing would be greater. 
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Butt welding the vanes to the standpipe assembly would be ex- 
tremely difficult because the areas to be welded are relatively 
thin. Proper heat sinks must be provided to avoid warping or an- 
nealing of the adjacent areas near the weld. Usually electron 
beam welding is employed to weld thin components. However, as 
stated in Chapter III, electron beam welding is not applicable on 
aluminum alloys due to weld joint cracking. To maintain opera- 
tional characteristics of the acquisition device, a tolerance of 
±2° was placed on the angle between the vanes. The welding proc- 
ess must be able to maintain this limit. 

Other materials were considered to avoid the use of the proposed 
2219 aluminum butt weld. One approach would be to use 6061-T6 in 
place of 2219-T87. The 6061 aluminum is generally considered 
easier to weld than 2219 (Ref VI-1) . Therefore if 6061 was used, 
the possibility of vane warping would be reduced. Annealing of 
the thin bending regions of vanes could probably be permitted 
since the T6 heat treated condition could be regained by re-heat 
treating the completed standpipe with vanes assembly after weld- 
ing. The T87 condition for 2219 aluminum could not be regained 
after welding because this condi ton requires application of a 
stress load during the heat treating process. The major problem 
associated with 6061-T6 is that the bending capability of the vanes 
would be drastically reduced. For the dimensions of the primary 
design shown in Fig. VI-1, the vane thickness would have to be less 
than 0.006 in. to accommodate tank installation without plastically 
deforming. This value is based on the vane rolling structural analy 
sis presented in Chapter III. Vane thicknesses below 0.010 in. 
are undesirable because of fluorine compatibility considerations. 
Therefore, although using 6061-T6 would improve the chances of 
a successful vane weld, vane thicknesses too thin to satisfy mis- 
sion life requirements would result. 

Other materials that might be used to replace the 2219-T87 aluminum 
are the 300 series stainless steels. The 300 series of stainless 
steel is highly compatible with the fluorine-based propellants. 

These alloys can also be electron beam welded. Therefore, if the 
material for the primary design were changed to a 300 series stain- 
less steel such as 304L, no vane welding problems would exist. 

Also, based on the vane rolling structural analysis presented in 
Chapter III, vane thicknesses can be as high as 0.012 in. and still 
accommodate tank installation. This value is for a 304L 60% cold 
reduced stainless steel using the standpipe dimensions of the pri- 
mary design shown in Fig. VI-1 with a tank access port diameter of 
8.7 in. (rolling tool clearance). The only major problem with using 
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304L is that the tank material would also have to be changed to a 
300 series stainless steel. A 304L device with a 2219 aluminum 
tank would not be advisable because of the dissimilar metal prob- 
lems that would be created. These problems (galvanic corrosion) 
are discussed in detail in Chapter III. The only 300 series stain- 
less steel that would be applicable as a lightweight propellant 
tank material would be 301 cryoform. With this material, tank 
weights lighter than those fabricated out of 2219-T87 aluminum 
could be attained (Ref VI-2). 

3) Standpipe Fabrication and Assembly - One of the major objec- 
tives of the primary design was to satisfy modular tank installa- 
tion with a minimum of special tank fabrication requirements. 

Based upon the cooling coil integration discussion presented in 
Chapter III, this objective can only be satisfied for the stand- 
pipe-with-vanes concept by incorporating a cooling coil into the 
body of the standpipe. 

Two methods are available for incorporating a cooling provision 
into the standpipe body. The first would be to install cooling 

tubes or channels between the vanes, running the length of the 

standpipe, on the standpipe's outer surface. Coiling a tube or 

channel inside or outside the standpipe body is impractical be- 

cause it would interfere with device operation, create contami- 
nant traps, and, for the external coil, interfere with the attach- 
ment of the vanes to the standpipe. Inflow and outflow to the 
channels or tubes could be provided through the base of the stand- 
pipe. This cooling coil integration scheme was not selected for 
the primary design for two basic reasons. First, to attach a 
channel or tube to the standpipe would require a fusion weld. 

A sealed mechanical attachment would be another fluorine-com- 
patible joining method. However it would be extremely difficult 
to use for this application. As discussed previously, fusion 
welding of thin aluminum members is also difficult. The second, 
more important reason why this cooling coil integration scheme 
was not selected for the primary design was that this scheme would 
interfere with the standpipe's operation. For the cooling channels 
or tubes to operate properly, these tubes must be connected to 
provide a continuous LN 2 flow path. To provide this path, connect- 
ing loops of tube must be run between the cooling channels on both 
the top and bottom of the standpipe. These connecting links would 
protrude either into the center of the standpipe, at its top, or 
above the top of the standpipe, and thus interfere with its proper 
operation. 



The second method for integrating a LN 2 cooling system in the 
standpipe body would be to incorporate the cooling channels in 
the walls of the standpipe itself. This method was selected be- 
cause it does not interfere with the standpipe's operation or the 
attachment of the vanes to the outer .standpipe surface. Figure 
VI-1 shows the details of the incorporated standpipe/cooling chan- 
nel design for the primary oxidizer design. The wall of the stand- 
pipe is configured as three LN 2 flow channels. One channel has 
been designated the supply channel, while the other two are the 
return channels. This was done to provide a greater return flow 
area to account for any LN 2 vaporation occurring in the return 
flow. The dimensions shown for the channels are arbitrary; a 
complete thermal analysis is necessary before the channels could 
be accurately sized. To provide inflow and outflow to the LN 2 
channels, three connecting tubes have been included in the design. 
These run from the standpipe out through uhe base of the propel- 
lant tank. To connect the supply LN 2 channel to the return chan- 
nels, a simple manifolding scheme is provided in the top portion 
of the standpipe's wall. The ribs of the inner standpipe (part 
-002 of Fig. VI-1) that separate the standpipe's wall into the 
cooling channels, terminate before reaching the top of the stand- 
pipe. Thus, a connection is provided between the supply and re- 
turn LN 2 flow channels. 

Only minor impacts were imposed on the design of the primary ox- 
idizer design by incorporating ground hold cooling channels into 
the walls of the standpipe. These impacts concerned standpipe 
outflow area, vane thickness, and inner standpipe volume. By 
designing the walls of the standpipe as cooling channels, a com- 
promise between inner standpipe volume and vane thickness was made. 
As discussed in Chapter III, the outer diameter of a standpipe 
critically influences the maximum vane thickness allowable to in- 
stall the device. Therefore, the inner diameter of the standpipe 
was arranged so as to not provide too thin a vane for Flox or F 2 
service. In addition, the inner diameter of the standpipe not only 
affects inner standpipe volume, but also standpipe outflow area. 
Incorporating cooling channels into the walls of the standpipe 
limits the outflow area of the standpipe to its base area only. 

The cooling channels prevent the use of outflow slots or holes near 
the base of the standpipe (see Fig. VI -1) . A smaller standpipe 
inner volume is also provided by the primary design because of the 
cooling channels . 
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The specific assembly details for the primary design of the stand- 
pipe/cooling channel assembly are shown in Fig. VI -1. A press 
fit is shown for the assembly of the inner standpipe (part -002) 
to the outer standpipe (part -001) . Because this press fit joint 
will not be exposed to either Flox or F 2 , no contaminant trap area 
problems will be present for this type of joint (see Chapter III) . 
Parts -001 and -002 will be machined out of one piece of 2219-T87 
aluminum. 

Rolling the standpipe vanes to accomplish modular installation 
requires the use of a vane rolling tool. As discussed in Chapter 
III, the design of this tool influences what type of joining proc- 
esses can be used to attach the base of the standpipe to the tank's 
outflow port assembly or access port cover. Two rolling tool con- 
cepts were discussed in Chapter III. The telescoping tool concept 
did not seem applicable for at least two reasons. First, it appears 
to be extremely difficult to design the tool with both strength 
and telescoping ability without becoming too large so as to effec- 
tively reduce the tank access port diameter. Second, to provide 
adequate removal space for the telescoping tool from around the 
base of the standpipe would prevent the vanes from extending into 
the outflow port area of the tank (see Fig. VI-1) . Extension of 
the vanes into the tank outflow port provides greater liquid hold- 
ing capability at low liquid volumes. Therefore, a rigid type of 
tool, as discussed in Chapter III, was assumed to roll the vanes 
for tank installation. This tool concept has been proposed for 
the installation of Viking Orbiter's PMD (Ref VI -3) . The type of 
joining process to be used in attaching the standpipe to the access 
port cover is limited to a sealed-type mechanical joint. 

A crushable gasket bolted joint is used to attach the standpipe/ 
cooling coil assembly to the tank access port cover (Fig. VI-1) . 
Although this type of joint does not have the reliability of a 
welded joint with Flox or F 2 , it is an adequate mechanical join- 
ing process for this application. 

4) Communication Channel Fabrication and Assembly - The "U" com- 
munication channel can be fabricated by a cold forming operation. 
However, attachment of this channel to the oxidizer propellant 
tank is difficult. To install and remove the communication chan- 
nel through the tank's 9-in. -diameter tank access port, mechanical 
fasteners are required for tank attachment. Due to Flox and F 2 
compatibility considerations, these joints must not have any con- 
taminant trap areas. To satisfy both these criteria, the type of 
sealable bolt shown in Fig. VI-1 has been proposed to attach the com- 
munication channel to its tank. Crushable gaskets are positioned 
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around the bolt so that, on final torqueing of the bolt, these 
gaskets will deform and flow, sealing off all contacting surfaces. 
Both aluminum gaskets (1100-0) and bolts (7Q75-T6) are specified 
for the bolting procedure to prevent any gasket loosening due to 
thermal contractions (bolt, gasket, channel, and tank wall should 
all shrink at same rate) . 

The above channel bolting technique is experimental in nature. 
Available data indicate that this technique has never been ex- 
perimentally tried with any fluorine-based oxidizer. The reason 
it has been proposed here is that no other mechanical joining 
technique seems superior. Therefore, before the use of this bolt- 
ing technique could be applied to any flight system, extensive 
experimental testing is necessary. 

The communication channel is bolted to the tank at three places: 
tank access port flange, tank equator, and pressurization port 
flange. This was considered the minimum number of attachment 
points necessary to prevent contact between the communication 
channel and tank wall during spacecraft operation. If the com- 
munication channel rubs against the tank wall, a Flox or F 2 fire 
could result. To provide the boss areas in the tank for the chan- 
nel bolting, special provisions will have to be made during tank 
fabrication. These are the only special tank fabrication require- 
ments imposed by the primary oxidizer design. 

5) Miscellaneous Fabrication and Assembly Details - The tank 
access port cover has a hole at its base (Fig. VI -1) . This 
allows for the passage of a standpipe holding and positioning 
tool. Once the standpipe assembly and vane rolling tool is in- 
serted into the propellant tank some means must be provided to 
hold the standpipe assembly in place as the vane rolling tool is 
removed. Also, due to the relatively small clearance between the 
vanes and oxidizer tank wall, the tank access port cover will have 
to be bolted to the tank before bolting the standpipe assembly to 
the cover. To accomplish this, some means has to be provided to 
first hold the standpipe assembly in the upper portion of the 
tank as the tank access port cover is being bolted. Then the 
standpipe assembly would be lowered and positioned so that it 
could be bolted to the tank access port cover. Thus, the hole in 
the tank access port cover provides for the use of a holding and 
positioning tool. Flox or F 2 leakage through this hole should not 
be a problem because adequate sealing with a gasket can be obtained. 
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6) Device Assembly, Tank Installation, and Cleaning Procedures 


Device Assembly - The steps of device assembly for the primary 
oxidizer design are as follows for the communication channel: 

1) Cold form channel; 

2) Weld attachment brackets to channel. 

The steps for the standpipe assembly are: 

1) Machine or form all components; 

2) Press fit inner standpipe into outer standpipe; 

3) Closure weld cooling channels; 

4) Weld LN 2 supply and return tubes to standpipe support; 

5) Weld standpipe support and LN 2 supply and return tubes to 
standpipe base; 

6) Weld vanes to standpipe; 

7) Chemically mill vanes to proper thickness (steps 6 and 7 may 
be reversed) . 

Device Installation - The device installation steps are as follows: 

1) Insert communication channel assembly into tank; 

2) Bolt channel to tank wall; 

3) Attach standpipe holding and positioning tool and vane rolling 
tool to standpipe assembly and roll vanes to required installa- 
tion diameter; 

4) Insert standpipe assembly into tank; 

5) Unroll vanes and remove vane rooling tool; 

6) Install gaskets in tank access port cover; 

7) Bolt tank access port cover to tank; 

8) Lower and position standpipe assembly; 
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9) Bolt standpipe assembly to tank access port cover; 

10) Remove standpipe holding and positioning tool from standpipe 
assembly. 

Quality control checks by X-ray of each weld are essential. Check- 
out of the structural integrity under simulated launch loads, in- 
cluding slosh and vibration is required. Verification of the struc- 
tural compatibility with mission temperature extremes is necessary. 

Device Cleaning - For any low-g propellant acquisition device, 
precise cleaning is mandatory for two reasons: assure propellant- 

material compatibility, and prevent degradation (increase) of 
propellant contact angle. If certain organic contaminants (stearic 
and oleic acids, paraffin oil, etc) are present in sufficient quan- 
tity, propellant contact angles may increase to a point where op- 
eration may be seriously compromised. Cleaning procedures must, 
therefore, be selected so contaminants that degrade propellant or 
propellant/material compatibility and contaminants that cause an 
increase in contact angle are minimized or eliminated. 

For the primary oxidizer design, or for any propellant acquisition 
system using fluorine-based oxidizers, the major contaminant concern 
is one of propellant/material compatibility and not degradation to 
contact angle. Contaminants that might affect the contact angles 
of either Flox or LF 2 , will not survive exposure to either propel- 
lant. 

Therefore, no contaminants, whether they affect contact angle or 
not, can be tolerated for the primary oxidizer design because 
reaction with GF during passivation prior to propellant loading 
could result in destruction of the entire propellant system. 

Two types of cleaning procedures are available (Ref IV-4) . One 
procedure uses chemicals, while the other employs a high tempera- 
ture vacuum (i.e., vacuum annealing). Both of these procedures, 
if performed properly, can effectively clean components well enough 
to survive fluorine passivation. However, because the vacuum an- 
nealing process does actually anneal metal in its operation, it is 
not applicable for structural components. Since the majority of 
the components for the primary oxidizer design must remain in a 
heat-treated condition (i.e., 7075-T6 bolts, 2219-T87 vanes) to 
satisfy modular tank installation, vacuum annealing is not recom- 
mended for cleaning of the primary oxidizer design. 
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The following cleaning steps are recommended for the primary 
oxidizer design: 

1) Before assembly, all parts should be cleaned by a proper chem- 
ical cleaning process; 

2) The same chemical cleaning process should then follow component 
assembly. In addition, all joining processes should be per- 
formed under strict cleanliness; 

3) Before the device is installed, the propellant tank should be 
cleaned with a proper chemical process; 

4) The last cleaning operation (chemical type) should be per- 
formed before tank passivation. In addition, a chemical 
process may be advisable after tank closure and also required 
after any qualification tests in which the propellant tank is 
filled with a referee fluid. 

Research at Martin Marietta on cleaning process for heat pipe 
operations indicates that the following chemical cleaning process 
for aluminum is adequate for the chemical cleaning of the primary 
oxidizer design (Ref IV-5) . 

1) Vapor Degrease - Trichlorethylene EPS 50046 (Martin Marietta 
Spec) ; 

2) Alkaline Clean - Turco 4215-6 EPS 50036 (Martin Marietta 
Spec) ; 

3) Demineralized Water Rinse; 

4) Acid Deoxidize - Turco Smut Go FPS 50029 Method II (Martin 
Marietta Spec) ; 

5) Demineralized Water Rinse; 

6) Alkaline Etch EPS 50029 Method II, sodium hydroxide, sodium 
glucomate, sodium sulfide; 

7) Demineralized Water Rinse; 

8) Acid Deoxidize - Turco Smut Go EPS 50029 Method II; 

9) Demineralized Water Rinse; 

10) Hot Nitrogen Dry. 
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Step 6 may not be applicable for the vanes of the primary design 
because excessive etching could reduce vane thickness too much. 

b. First Alternative Design - In the primary oxidizer design, 
two features are present that may detrimentally influence the 
design to satisfy a 10-year mission life. These features are the 
vane thickness and the communication channel attachment method. 

They result from an attempt to use a modular installation procedure. 
An alternative design was considered to improve these design 
features and thereby increase the ability of the system to meet 
a 10-year mission life. However, the alternative design required 
a compromise on the use of modular installation. 

In the alternative design, the LN 2 cooling tubes were mounted on 
the inner propellant tank wall instead of being incorporated in 
the body of the standpipe. As discussed previously, incorpora- 
tion of cooling channels in the standpipe body reduced the vane 
thickness. Therefore, installation of the cooling tubes on the 
tank wall instead of in the standpipe allows use of slightly 
thicker vanes that are more compatible with a 10-year mission 
requirement. 

The placement of the cooling tubes on the tank wall also has the 
advantage, when properly arranged, of providing propellant com- 
munication. Thus, a separate communication channel is not re- 
quired. As far as modular installation was concerned, however, 
it was found that the cooling tubes could not be installed in the 
tank through the access port. Therefore, the cooling tubes must 
be included as part of the tank assembly procedure. The tubes 
would be attached to the tank wall by welding. Therefore, al- 
though modular installation of the cooling tubes could not be 
accomplished, the alternative design does eliminate mechanical 
fastening of the communication channel as required in the primary 
design. Elimination of mechanical fasteners is desirable for the 
10-year mission requirement. 

In regard to modular installation, the propellant acquisition 
device can still use this assembly procedure. 

1) - Material Selection - Based upon the same considerations pre- 
sented under the primary design, aluminum alloys are specified 
for all of the first alternative design components. 

2) Vane Fabrication and Assembly - The same comments presented 
for the primary design also apply, in general, to the fabrication 
and attachment of the vanes for the first alternative design. 
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The same 2219 aluminum butt weld is recommended (Fig. VI -3) . How- 
ever, vane thicknesses 0.001 in. greater than the primary design 
are shown becuase the outer diameter of the standpipe is now less 
than in the primary design since no cooling coil is incorporated 
in the standpipe walls. 

3) Standpipe Fabrication and Assembly - The standpipe shown in 
Fig. VI-3 is easier to construct than the primary design stand- 
pipe and also provides greater outflow area and inner standpipe 
volume. These advantages occur because no cooling provision is 
incorporated into the standpipe. For manufacture of the stand- 
pipe, machining out of one piece of 2219 aluminum seems advisable. 

Based on the same reasons presented under the primary design, the 
same sealed type of mechanical joint is shown for the attachment 
of the standpipe to the tank access port cover. 

4) Communication Channel Fabrication and Assembly - The LN 2 cool- 
ing coil in the first alternative design provides four communica- 
tion channels (Fig. VI-3). The cooling coil is welded to the tank 
at the tank access port, tank equator, and pressurization flange. 
Tabs are provided at these locations for attachment. The coil is 
constructed of 6061-T6 tubing and connected together to form one 
continuous loop. Inflow and outflow to this tube are provided 
through the pressurization flange. To install and weld the chan- 
nels or cooling tube into the tank requires that this tube be 
installed during tank fabrication. Precise tank fabrication pro- 
cedures incorporating the attachment of the cooling coil are listed 
in the next subsection. 

Welding the cooling coil to the tank tabs presents a problem. If 
the walls of the tubing are too thin, burnthrough may result dur- 
ing welding. Therefore, the thickness of tube wall should corres- 
pond to that of the attachment tab so that this condition will not 
occur. Under this condition, the tube wall and the tab will uni- 
formly heat and melt at the same rate. 

5) Assembly, Installation, and Cleaning Procedures 

Device and Tank Assembly - The steps of device assembly for the 
first alternative oxidizer design are as follows: 

1) Machine and form all components; 

2) Weld standpipe support to standpipe; 
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3) Weld vanes to standpipe; 


4) Chemically mill vanes to proper thickness (steps 3 and 4 may 
be reversed) . 

The tank assembly steps are: 

1) Weld tank girth ring to bottom spherical shell of tank; 

2) Form cooling tube/communication channel assembly (part -023 
of Fig. VI-3); 

3) Weld 90° elbow to pressurant/cooling coil tank fitting (part 
-024 to -017. of Fig. VI-3); 

4) Position cooling tube /communication channel assembly in bot- 
tom spherical shell of tank; 

5) Weld cooling tube /communication channel assembly to tank girth 
ring and bottom shell of tank; 

6) Weld pressurant/cooling coil tank fitting to cooling tube/ 
communication channel assembly; 

7) Position top shell of tank on tank girth ring and pressurant/ 
cooling coil tank fitting; 

8) Perform closure welds. 

Device Installation - Same as primary design minus communication 
channel installation. 

Device Cleaning - The same comments and procedures discussed for 
the primary design also apply to the first alternative design. 

c. Second Alternative Design - The primary objective of the sec- 
ond alternative was to present as simple a design as possible 
using only joining procedures that give maximum compatibility 
with either LF 2 or Flox. All joining operations for this design 
were limited to welding. For this reason, only the third or in- 
tegral tank installation procedure defined in Chapter III was con- 
sidered for assembly. Figure VI-4 shows the design. Ground cool- 
ing is provided for this design by an external system described 
in Section C. Based on the simplicity and greater propellant 
compatibility, the second alternative design is preferred for the 
oxidizer system. 
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1) Material Selection - Aluminum alloys were specified for the 
second alternative design for the same reasons given for both 
primary and first alternative designs. 

2) Vane Fabrication and Assembly - Vanes for the ‘second alter- 
native design will be fabricated from 6061-T6 aluminum. This 
alloy was selected because it is easily weldable and high strength 
is not required. The vanes for the second alternative design do 
not need to be rolled for tank installation. A vane thickness of 
approximately 0.061 in. was specified. This value was obtained 

as a compromise between device weight, propellant compatibility, 
and welding considerations. 

To weld the vanes to the standpipe and outlet fitting (see Fig. 
VI-4) a butt weld is preferred because it offers the best chance 
of a successful weld. Unlike the other two oxidizer designs, 
the second alternative does not require chemical milling because 
the vanes have uniform thickness. Therefore, 0.061-in. 6061-T6 
rolled stock can be used for the vanes. 

3) Standpipe Fabrication and Assembly - For the standpipe of the 
second alternative design, machining of a solid piece of 6061-T6 
aluminum is the most desirable procedure. 6061-T6 aluminum was 
chosen because it is easily weldable and high strength was not 
required. 

4) Communication Channel Fabrication and Assembly - Fabrication 
and attachment of the U-shaped communication channel (shown in 
Fig. VI-4) to the tank can easily be accomplished. Tabs are pro- 
vided on the tank wall for attachment. Three attachment points 
have been proposed to rigidly hold the channel in place. A two- 
part structure called a communication bridge is proposed to con- 
nect the standpipe base and the communication channel. 2219-T87 
aluminum is used for the communication channel because a struc- 
tural alloy is required for the cold forming of the channel into 
its proper shape. 

5) Assembly and Cleaning Procedures 

Device /Tank Assembly - The steps of device/tank assembly for the 
second alternative oxidizer design are as follows: 

1) Machine or form all components; 

2) Weld standpipe to outflow flange; 

3) Weld outflow flange to outlet fitting; 
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4) Weld communication bridge to outlet fitting and standpipe; 

5) Weld vanes to outlet fitting and standpipe; 

6 ) Weld communication channel to outlet fitting and communica- 
tion bridge; 

7) Weld outlet fitting to bottom spherical shell of tank; 

8 ) Weld communication channel to bottom tank shell; 

9) Weld pressurant fitting to communication channel; 

10) Closure weld top tank shell to pressurant fitting and bottom 
tank shell. 

Cleaning Procedures - In general, the same comments presented for 
the primary design also apply to the second alternative design. 
However, since none of the components of the second alternative 
design are structural members, except for the tank shells and the 
outlet fitting, a vacuum annealing cleaning procedure can be used 
for some of the parts. One nonstructural part for which vacuum 
annealing would not be suitable is the vanes. Vacuum annealing 
may warp the vanes. 

2. Fuel Acquisition System Design 

Figure VI-2 presents the fuel acquisition system design. It is 
similar to the primary oxidizer acquisition system design, except 
for the ground hold cooling provision, which is not required by 
the fuel. Like the oxidizer designs, the fuel system design is 
capable of meeting the missions 's structural loading environments. 
In addition, there was emphasis on only using fabrication and 
joining processes that would provide maximum mission life. For 
this reason, many of the joining processes used on the oxidizer 
designs are also applied to the fuel design. 

The objective of the fuel design, like that of the primary ox- 
idizer design, was to satisfy modular installation with minimum . 
influence on the fabrication of the fuel tank. To accomplish 
this, sealed-type mechanical joints similar to those used in the 
primary oxidizer design were also used on the fuel system. These 
types of joints are not as reliable as welded or brazed joints 
for exposure to Flox or LF 2 . However, since N 2 H 4 and MMH are not 
as difficult to handle as the fluorine-based oxidizers, these 
joints will provide better reliability for a 10 -year mission. 
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For this reason alternative designs are not presented for the fuel 
design. However, the type of all-welded design shown in Fig. 

VI-4 for the second alternative oxidizer system could also be ap- 
plied to the fuel acquisition system if increased mission life 
reliability is necessary. 

Fabrication, assembly, device installation, and cleaning procedures 
are discussed in the following paragraphs for the fuel design. 

a. Material Selection - Based upon MMH and N 2 H 4 compatibility 
considerations, only aluminum and titanium alloys are applicable 
materials to construct the fuel design (Ref VI- 6 ) . 

b. Vane Fabrication and Assembly - To accommodate modular instal- 
lation, the vanes of the fuel design must roll for tank insertion. 
Therefore, 6A&-4V titanium was selected for the vane material be- 
cause it has excellent bending strength (see Chapter III) and is 
compatible with either MMH or N 2 H 4 . 

To attach the vanes to the standpipe, a 3003 A5. brazing technique 
is specified. As discussed in Chapter III two fuel-compatible 
brazing techniques are available for titanium (48Zr-4Be Ti and 
3003 AS-) . The 3003 process was selected because its brazing tem- 
perature is lower than that for the 48Zr-4Be Ti process (Ref VI -7) . 
With lower brazing temperatures, the chances for vane warping are 
reduced. Brazing was selected over welding because of its sim- 
plicity. To braze the vanes to the standpipe an increased vane 
thickness in the area of the braze joint is necessary to shift 
the maximum bending point of the vanes away from the brazed joint 
because this joint is weaker than the vane Itself (see primary 
oxidizer discussion). Therefore, due to the dual thickness of 
the vanes, chenical milling is required to reduce the vanes to 
their final thickness. This milling should be performed after 
brazing to reduce the possibility of vane warping. A ±2° toler- 
ance has also been placed on the angle between vanes based upon 
operational considerations. The brazing process must maintain 
this tolerance . 

The thickness of the vanes shown in Fig. VI -2 was obtained as a 
result of a compromise between various factors. Based on the 
structural vane rolling analysis of Chapter III, the thickness 
of the 6AX.-4V titanium vanes for the fuel design can be as great 
as 0.016 in. and still satisfy installation. However, the force 
required to roll 0.016-in. vanes would be large. Vanes in the 
fuel design will not be exposed to the corrosive environment of 
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the oxidizer system, so vane thickness does not have to be as 
great to satisfy the 10-year mission requirement. Therefore, 
vane thickness was reduced to 0.011 in. to reduce the force needed 
to roll the vanes for tank installation. Since this value gives 
greater bending capability than needed, tolerances on vane thick- 
ness can also be greater than for the oxidizer designs. A ±0. 002- 
in. tolerance has been placed on vane thickness for the fuel de- 
sign. 

c. Standpipe Fabrication ccnd AssembZ-y-With 6A&-4V Ti vanes, the 
material for both the standpipe and its support hub is also 
6A&-4V Ti to allow the use of 3003 A£ brazing for vane attachment. 
Brazing is also specified for the joining process to attach the 
stand-pipe to its support base because brazing is easier to per- 
form than welding. 

To attach the standpipe assembly to the tank's access port, the 
same type of mechanical joint used for both the primary and first 
alternative oxidizer designs is shown for the fuel design. This 
joint is specified becuase of the same vane rolling tool consider- 
ations associated with the primary and first alternative oxidizer 
designs. Although this type of joint is not as reliable as 
either a brazed or welded joint, it should withstand 10 years of 
exposure in either MMH or N2H4. Also, the tank access port cover 
design is the same as the primary and first alternative oxidizer 
design based on the same reasons. 

d. Communication Channel Fabrication and Assembly - The same type 
of communication channel attachment procedure proposed for the pri' 
mary oxidizer system design is also proposed for the fuel system. 
This procedure provides the best compromise between long-life 
propellant compatibility and modular tank installation. However, 
unlike the primary oxidizer design, the sealed type bolting tech- 
nique seems to have a higher reliability for the 10-year mission. 
Thermal contraction problems associated with cryogenics will not 
be present in the fuel system. The bolts are 7075-T6 aluminum to 
prevent any galling during attachment because no bolt lubricants 
will be used. An all-metal system is desired for maximum com- 
patibility. 

e. Device Assembly , Tank Installation , and Cleaning Procedures 

Device Assembly - The steps of device assembly for the fuel design 
communication channel are the same as for the primary oxidizer 
design. The standpipe assembly steps are: 
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1) Machine or form all components; 

2) Braze vanes and standpipe support to standpipe; 

3) Chemically mill vanes to proper thickness. ■ 

Device Installation - Same as primary oxidizer design. 

Cleaning Procedures - Unlike the oxidizer designs, cleaning con- 
cerns for the fuel design include degradation of propellant con- 
tact angle and propellant-material compatibility. Unlike the 
fluorine-based propellants, contaminants that affect contact angle 
will not be reacted away when exposed to either MMH or N2H4. In 
addition, cleaning processes that eliminate contaminants which 
affect propellant material compatibility (MMH and N2H4 decomposi- 
tion) may not remove contaminants that affect propellant contact 
angle. The opposite is also true. Therefore, cleaning procedures 
that remove both types of contaminants are mandatory for the fuel 
design. 

Three types of cleaning procedures are available for the fuel 
design. Two are chemical and the third is a vacuum annealing 
process. One chemical type is an acid-pickling process and 
the other is an alkaline process. Based on a previous study 
(Ref VI-4) , the acid cleaning techniques are only effective 
against propellant-material compatibility contaminants such as 
oxide coating that can cause MMH or N 2 H 4 decomposition. The acid- 
type cleaners are not effective against contact angle contaminants. 
The opposite situation is present for the alkaline techniques. 
Therefore, both chemical types of cleaning are necessary for total 
cleaning. Vacuum annealing removes both contact angle contami- 
nants and propellant compatibility contaminants, but has the dis- 
advantage of annealing any metal component in its operation. 

Based on the above discussion, the following cleaning steps are 
recommended for the fuel design: 

1) Before assembling the device all parts (except the vanes and 
the 7075-T6 bolts) should be cleaned by vacuum annealing. 
Because the 7075 aluminum bolts must remain in the T6 condi- 
tion and the vanes may warp, vacuum annealing is not appli- 
cable for those items. The vanes and bolts will undergo an 
acid cleaning (care must be taken to not etch the vanes or 
bolts severely) . 
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2) After device assembly, all components should be cleaned with 
and acid cleaning process followed by an alkaline one. In 
addition, all joining operations should be performed under 
strict clean room conditions (vacuum annealing cannot be done 
because degradation of braze joints will occur). 

3) Prior to device installation, the propellant tank itself 
should be cleaned with an acid cleaning process followed by 
an alkaline process. 

4) The last cleaning operation (alkaline only, oxides should 
not be present) should be performed before propellant tank 
loading. In addition, an alkaline cleaning process may be 
advisable after tank closure and also after any qualifica- 
tion tests requiring the propellant tank to be filled with 
reference fluids. 

Based on a previous study (Ref VI-4), the following acid cleaning 

procedure would seem to be suitable for the fuel design. 

1) Solvent degrease with acetone; 

2) Acid pickle with HNO 3 /HF solution; 

3) Distilled H 2 0 rinse (check pH) ; 

4) Hot nitrogen dry. 

Based on cleaning studies for the Viking Orbiter, the following 

alkaline cleaning procedure is suitable for the fuel design (Ref 

VI- 8 ) : 

1) Solvent degrease with acetone/H 2 0 solution; 

2) Alkaline clean with Turco 4215; 

3) Deionized water rinse, checking pH; 

4) Isopropyl alcohol rinse; 

5) GN 2 dry. 
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B. 


DESIGN ANALYSIS 


In designing the system, emphasis was placed on providing gas-free 
liquid expulsion, because this is the primary function of the 
propellant acquisition device. Next' in importance were center - 
of-gravity control and the ability to vent and pressurize. The 
analyses conducted to develop and support the system design are 
presented in this section. Selection of the configuration of the 
vanes and the standpipe are included and the outlet, communication 
channel, and pressurization/vent port are discussed. 

1. Vane Profile 


Because of the difference in initial ullage, the profile of the 
acquisition system vanes was not the same for the oxidizer and 
fuel tanks. The selection of the vane profile for each tank is 
discussed in the following paragraphs. 

a. Oxidizer Tank - At the nominal propellant temperature, the 
ullage volume in the oxidizer tank is 20% of the tank volume. 

When the maximum propellant temperature is considered, however, 
the ullage volume would be only 14%. Based on the curve in Fig. 
III-8 (Chapter III) , the height of the device for this volume 
should be at least 0.96R. The effect of an axial acceleration 
acting on the tank must also be considered in selecting the 
height of the device. The shape of the 14% volume ullage bubble 
under the effect of the acceleration, a, acting on the liquid is 
shown in Fig. VI-5. In this case, the largest purely axial accel- 
eration of 3 x 10 -7 g, which may be acting on the spacecraft was 
used. Under the effect of this acceleration, the ullage bubble is 
flattened somewhat, so the distance from the bottom of the tank 
to the ullage bubble is 0.98R. 

A height of 1.0R was selected for the device. With this height 
the device will be in contact with the ullage bubble at the mini- 
mum ullage volume and with an acceleration tending to move the 
bubble away from the device. At normal temperature and zero g, 
the bubble will be forced into the device, which will keep the 
bubble well centered. An overly tall device is not desirable 
because it compromises the pumping capability of the vane profile 
and the positioning of the smaller liquid volumes. 
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With a minimum ullage volume of 14%, a unique location for the 
bubble would be obtained by just a simple post with the height 
of 1.0R. There is no inner profile limit that must be exceeded. 

In this case, a wide, generous vane profile was selected as shown 
by the simplified drawing of the standpipe and vanes in Fig. VI -6. 
All dimensions are referenced to the tank radius, R. The bubble 
breakup limit, discussed in the Chapter III analysis of the vane 
devices, is shown superimposed on the vane profile in the figure. 
As can be seen, the profile extends across the limit. Bubble 
breakup will not occur due to the lateral stability of the de- 
vice, and much better positioning of low liquid volumes is ob- 
tained with the selected profile. 

Breakup of the ullage bubble would most likely occur at the mini- 
mum ullage volume. Under the effect of the maximum lateral accel- 
eration during boom deployment, the bubble would be displaced to 
the side of the tank. However, only a portion of the bubble would 
be within the region where the vanes exceed the breakup limit. 

As the system returns to zero g, liquid will fill between the 
vanes and the wall, but not far enough to split the ullage bubble. 
Therefore, the bubble will be pushed out of the vanes to return 
to its centered position. 
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Fig. VI-6 Standpipe with Vanes for Oxidizer Tank 

At low liquid volumes, the selected vane profile has a definite 
advantage over a profile that stays within the bubble breakup 
limit. With the vane profile close to the wall, liquid will fill 
the region surrounding the vanes and the wall at the tank outlet. 
In comparison, a vane that stays within the limit would tend to 
hold more liquid up within the vanes, leaving less liquid at the 
outlet . 

A device with six vanes was selected. Here again, the emphasis 
was placed on gas-free liquid expulsion. Six is the minimum num- 
ber of vanes that will, in conjunction with the profile of the 
vanes, provide adequate pumping capability. Liquid will orient 
closer to the tank outlet with six vanes, as opposed to a larger 
numb er . 

This selected vane system will always be capable of reorienting 
the liquid so that the center of gravity falls on the centerline 
of the tank following any disturbance. The ullage bubble will be 
centered so that venting or pressurization can be accomplished at 
any time during the mission, with one possible exception. During 
boom deployment, the magnitude and duration of the disturbance is 
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sufficient to displace the ullage bubble away from the pressuriza- 
tion/vent port. Following boom deployment, the bubble will return 
to the centered position. For the 45-sec period of the deployment, 
however, venting or pressurization could only occur in a degraded 
mode because liquid would probably surround the pressurization/ 
vent tube. Disturbances due to the attitude control system were 
shown to be slight due to the short duration and relatively long 
period of the thruster firing. Allowing the ullage to be dis- 
placed for a 45-sec period is a small compromise in comparison 
to the gross overdesign of the device that would be required to 
keep the bubble centered during boom deployment. Such a design 
would seriously degrade the reliability of gas-free outflow at 
the smaller liquid volumes . 

b. Fuel Tank - Based on the maximum fuel temperature, the initial 
ullage volume could be as small as 3.5% of the tank volume, in 
comparison to the 5% ullage at the nominal temperature. The de- 
vice should have a height of at least 1.35R for a 3.5% ullage 
bubble, as shown by Fig. III-8. Under the effect of the maximum 
axial acceleration, the bubble is not significantly flattened, as 
shown in Fig. VI-7. A height of 1.4R was selected for the device 
so as to bias the centering of the bubble. 

The approach in designing the vane profile for the fuel tank was 
the same as that used for the oxidizer tank. Since the ullage 
volume is less than 12.5%, and inner profile limit must also be 
considered in designing the profile of the fuel tank device so 
that the centered position will be the only stable position for 
the bubble. Both the inner and outer limits are shown superim- 
posed on the vane profile in Fig. VI-8. Near the tank equator, 
the vane profile exceeds the bubble breakup limit. The vane 
profile has sufficient pumping capability to keep the bubble from 
being completely displaced into the region where the vanes exceed 
the limit, however. For this reason, breakup of the ullage bubble 
should not occur during the mission. 

Again, six vanes were selected for the device. Except for boom 
deployment, the device should maintain the liquid eg on the tank 
centerline so that venting or pressurization can be accomplished 
at any time during the mission. The operation and performance of 
the fuel tank device is similar to the oxidizer tank device. At 
low liquid volumes, the greater height of the fuel tank device will 
cause more liquid to be held up within the vanes in comparison to 
the oxidizer system. This should not present a problem with gas- 
free liquid outflow, however. 
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2 . 


Standpipe 


The standpipe is a highly stable liquid reservoir with an outlet 
directly over the tank outlet. Feed of liquid from inside the 
standpipe to the tank outlet is in parallel with the feed of 
liquid from outside the standpipe. Liquid does not flow through 
the standpipe as it leaves the tank. The design of the standpipe 
for the oxidizer and fuel tanks is discussed in this subsection. 

a. Oxidizer Tank - In the primary acquisition system design for 
the oxidizer tank, the ground hold cooling system is incorporated 
into the standpipe. The internal volume of the standpipe is 0.24% 
of the tank volume. This is a rather small volume, but the re- 
quirements of modular installation and an integrated ground hold 
cooling system do not allow a larger standpipe. Regardless, only 
enough liquid is required to supplement the liquid from outside 
the standpipe during the start of the spacecraft engine. The 
tradeoffs in the design of the standpipe will be considered as 
the design approach is discussed. 

The possible range of standpipe volumes is plotted in Fig. VI -9. 

Taper, 0, and the radius of the base, r, , are the variables that 

b 

define the size of the standpipe. The height is held constant 
at 1.0R. Shown with a dashed line is the extreme limit to the 
size of the standpipe. It is the point at which the top of the 
standpipe has a diameter of 9 in., modular installation through 
a 9-in. access port would not be possible with a larger stand- 
pipe. This is not a realistic limit because the vanes have not 
been considered. Rolling of the vanes for modular installation 
depends on the vane thickness, diameter of the standpipe, and the 
material. Details of the interaction are discussed under the 
fabrication of the device , but a more typical limit to the 
standpipe dimeter would be 5 in. With that limit, the possible 
range of standpipe volumes is less than 1% of tank volume. 

The most attractive approach to modular installation of the device 
and cooling coils is to incorporate the cooling system into the 
standpipe. This approach makes use of the vanes as heat exchanger 
fins and minimizes the number of tank penetrations. The disad- 
vantage of this approach is that the standpipe volume must be 
decreased. In the alternative designs for the oxidizer tank, 
the ground hold cooling system was not incorporated into the 
standpipe. This allowed increasing the volume of the standpipe 
to 0.45% of the tank volume. 
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-in. “Diameter Limit 







A standpipe having a 3° taper was chosen for a number of reasons. 
First of all, considering only liquid located outside the stand- 
pipe, a tapered post or standpipe has more stability than an un- 
tapered device. This improves the contribution of the standpipe 
to the overall stability of the device. The Chapter III analysis 
shows that the taper improves the positioning of the liquid over 
the outlet. Next, consider liquid located inside the standpipe. 
With an untapered standpipe, the stability of the interface is 
independent of the volume of liquid inside the standpipe, assum- 
ing the interface is not stuck and does not contact any other 
surface. As the volume of liquid inside a tapered standpipe 
decreases, the stability increases. Therefore, as liquid is lost 
from the standpipe, it becomes increasingly difficult to lose 
additional liquid. 

It is possible to have a portion of liquid separate from the main 
propellant mass and become positioned inside the standpipe. Slosh 
due to settling is a possible means for this occurrence. In an 
untapered standpipe, the curvature at each end of the separated 
portion of liquid would be the same, so there would be no forces 
acting to return the separated liquid to the bulk propellant. 

With a tapered standpipe, an unbalance in capillary forces exists 
across a separated portion of liquid that acts to pump the liquid 
towards the base of the standpipe. A sketch of the two possibil- 
ities is shown in Fig. VI-10. The liquid orientation in the un- 
tapered standpipe is stable while that in the tapered standpipe 
is unstable. 





(c) Tapered Standpipe 
with Bubble 


Fig. VI-10 Interfaces within Standpipe 
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The situation shown in Fig. VI-10 (b) could be further complicated 
by having some liquid located at the base of the standpipe, thus 
forming a bubble within the standpipe. In this case clearing of 
the gas from the standpipe will still occur if the interfaces on 
each side of the bubble [interfaces b and c in Fig. VI-lO(c)] are 
in contact. When the two portions of liquid are not in contact, 
equilibrium can be established and the bubble will. remain in the 
standpipe.. This occurs when interfaces a and d in Fig. VI-lO(c) 
both have the some curvature. For this reason, grooves were added 
to the inside wall of the standpipe. The grooves act as communi- 
cation channels so the two portions of liquid will always be in 
contact and purging of gas will take place. 

Only at total liquid volumes less than about 3 % of the tank volume 
will the standpipe become partially empty. The standpipe will fill 
until the curvature of the interface inside the standpipe is equal 
to the curvature of the interface around the vanes outside the 
standpipe. Curvature of the interface inside the standpipe versus 
the volume of liquid inside the standpipe (expressed as a percent- 
age of the tank volume) is presented in Fig. VI-11. The flexure 
point on the curve is the point at which the interface becomes 
stuck at the top of the standpipe. When the standpipe is com- 
pletely full the curvature is zero. In comparison, the approxi- 
mate curvature of the liquid within the vanes is plotted versus 
the volume of liquid outside the standpipe in Fig. VI-12. For 
volumes less than 5%, the curvature becomes dependent on the con- 
figuration of the tank outlet, making the determination of the 
curvature a complex, three-dimensional problem. At volumes of 
about 3% and above, equalizing the curvatures requires that the 
interface inside the standpipe be stuck at the top of the device. 

When the spacecraft engine starts, the standpipe performs its 
most important function. As the spacecraft begins to accelerate, 
the hydrostatic pressure due to the difference in height between 
the liquid inside the standpipe and a lower liquid level outside 
the standpipe will force the liquid out of the standpipe. If the 
level of the liquid outside the standpipe is greater than the 
height of the liquid inside the standpipe, the liquid inside will 
tend to remain there and the standpipe has little influence on 
the flow of liquid from the tank. 

Resisting the flow of liquid from the standpipe are the viscous 
forces due to the orifice at the base of the standpipe. The 
standpipe is only open at the top and the bottom. In the alter- 
native designs, the absence of the ground hold cooling system 
allows additional openings to be added to the sides of the stand- 
pipe. The openings are stable in low ga, so this standpipe would 
fill the same as the one with solid walls. During outflow, the 
additional openings would become unstable, providing additional 
flow area and less viscous resistance so that the standpipe would 
be emptied at a faster rate. 
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Curvature 


The contribution of the standpipe is most important during an 
engine start at low liquid volumes. While liquid outside the 
standpipe is being settled and collected over the outlet, the 
volume of liquid inside the standpipe is available to ma intain 
the flow of liquid to the engine. The possibility of suction 
dip occurring is reduced by the standpipe. 



0 0.2 0.4 0.6 0.8 1.0 

Volume within Standpipe, % 


Fig. VI-11 Curvature vs Liquid Volume for Standpipe 
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Fig. VI-12 Curvature vs Volume of Liquid within Vanes 
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b. Fuel Tank - The design and operation of the standpipe for the 
fuel tank is essentially the same as that for the oxidizer tank, 
except ground hold cooling is not required for the fuel tank. 

The possible standpipe volumes for a device height of 1.4R are 
shown in Fig. VI-13. Modular installation of the device restricts 
the diameter of the top of the standpipe to about 4 in. This means 
that the volume of the standpipe must be less than 1.5% of the 
tank volume. A standpipe with a 3° taper and a volume of 0.84% 
was selected from both operation and tank installation considera- 
tions . 

Curvature of the interface inside and outside the standpipe versus 
volume was included in Fig. VI-11 and VI-12. Curvature inside the 
standpipe is large enough to keep the standpipe full except for 
very low liquid volumes (approximately 3% or less) . 

The operation of the devices in the fuel and oxidizer tanks is 
summarized with Fig. VI-14, which shows liquid orientation at 
various points during the mission. Three dimensional interfaces 
are represented in two dimensions by showing a representative 
cross-section of the liquid. In Figure VI-14(a) , the position- 
ing of J:he initial ullage volume is shown. Near the beginning 
of the mission, the booms are deployed, displacing the ullage as 
shown in Fig. VI (b) . Following deployment, the ullage will re- 
turn to the position shown in Fig. VI-l4(a) . In (c) , (d), and (e) 
of Fig. VI-14, the position of the liquid is shown as it is de- 
pleted. Before the last burn, a small amount of liquid remains 
as shown in Fig. VI-14(f) . 

3. Communication Channel 


If some liquid were to become located at the top of the tank, out 
of contact with the device, there are no forces acting to return 
the liquid to the acquisition device. The device was designed to 
always keep the liquid oriented within the vanes, but some unex- 
pected disturbance could allow come of the liquid to be displaced 
from the device. Vaporization and condensation (heat pipe effect) 
could transfer liquid from about the device to the top of the tank 
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Tank Radius 



Fig. VI- IS Fuel Tank Standpipe Volume 










Under low-g conditions, both volumes of liquid (that about the 
device and the displaced liquid) must be rather small or they will 
contact each other, especially if the contact angle is near zero. 
If the two volumes are in contact, liquid will return to the de- 
vice due to the difference in capillary forces. A communication 
channel was added to the device to provide for the return of the 
liquid when the two interfaces are not in contact. 

The operation of the communication channel is discussed in Chap- 
ter III. It was shown that a vaned device will produce a rela- 
tively large capillary pressure difference between displaced 
liquid and liquid about the device, even if the contact angle was 
as large as 5°. Return of displaced liquid in a reasonable amount 
of time was shown to be possible. 


Consider now the selected channel for the standpipe with vanes. 
It is a U-channel, 1-in. wide and 1/2-in. high. A more general 
form of the equation for the flow in the channel, based on the 
Darcy equation for flow in a channel and assuming laminar flow, 
will be used here. 


.ttAP D 4 
Q 128 pL 


[VI-1] 


where 

AP = pressure difference across the length of the channel, 

D = hydraulic diameter (4 times the area divided by wetted perim- 
eter) , 

p = viscosity, 

L = length of the channel. 

Based on the Chapter III analysis, a conservative estimate for the 
AP is obtained by assuming a difference in curvature, between the 
two interfaces, of 2. The worst-case capillary pumping conditions 
were shown to exist in the Flox tank. Under these conditions, 
liquid would be pumped at a rate of 0.19 lb^/ minute. Hydrostatic 

pressure, due to coast accelerations of 10 -7 g could be acting 
against the capillary pressure pumping the liquid. This pressure 
was found to be at least an order of magnitude less than the capil- 
lary pressure, so its effect will be neglected. 


Preceding page blank 
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The rate at which propellant would be transferred by vaporization- 
condensation can be estimated from the heat input to the tank. 

The following heat inputs were discussed in Chapter III: 

Tank supports, 2.0 Btu/hr; 

Feed line, 0.5 Btu/hr; 

Solar (with loss of 1 ft 2 insulation), 387.0 Btu/hr. 

The input due to heat soakback was determined to be 62.0 Btu/hr 
using Ref. VI-4. While this is only an intermittent heat input, 
it will be considered as continuous for this analysis. Summing 
the heat inputs gives a total of 452 Btu/hr entering the tank. 

If all of this heat was used to vaporize liquid located over the 
tank outlet, the rate of vaporization would be 0.092 lb /min. 

It is assumed that all the vapor produced condenses at the cooler, 
top of the tank. The rate at which liquid would be transferred 
in the channels due to capillary pumping |0.19 lb^^minj is greater 

than the vaporization rate by 0.098 lb^^/min. Therefore, a single 

communication channel will be capable of returning liquid under 
the worst-case heat input conditions and with a conservative es- 
timate of the capillary pumping pressure. This capability elim- 
inates the loss of liquid due to vaporization-condensation as a 
concern. 

One of the most likely causes of a disturbance, which could over- 
come the capillary retention capability of the device and dis- 
place liquid, is the operation of the spacecraft engine. For 
example, during a short-duration burn, the momentum imparted to 
the liquid due to settling may still be present at the end of the 
burn. The continued motion of the liquid after engine shutdown 
could cause liquid to move away from the device. If such a dis- 
turbance were to remove all the liquid from the acquis iton device, 
the channel must return enough liquid to start the engne and 
settle propellant at the next bum. A volume of liquid equal to 
1% of the tank volume should be adequate to start and settle. 

Using the above calculated flowrate for the channel, it would 
take 2.3 hr to return 1% of the propellant. A minimum time be- 
tween burns is not specified for the mission, but a period of 
about 3 hr should not restrict the operation of the spacecraft. 
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The effect of the standpipe has been ignored in the above dis- 
cussion.- It is very unlikely that any disturbance would cause 
a loss of liquid from the standpipe, so its volume of liquid will 
always be available at the outlet. Even if the standpipe had to 
refill, it will produce a large capillary -pressure difference and 
would refill rapidly. 

A single communication channel, running from the top of the tank 
to the device, is adequate for the standpipe with vanes device. 

As discussed above, one channel will return liquid to the device 
at a rate sufficient to maintain enough propellant at the tank 
outlet. It is possible to have small puddles of liquid that do 
not contact the channel or the liquid about the device. The 
reservoir of liquid in the standpipe will compensate for any 
such weaknesses of the channel. 

One of the alternative oxidizer tank designs has the ground hold 
cooling tubes located on the interior wall of the tank. These 
coolant tubes form four communication channels. While a tube is 
not as effective a channel as a U section, four of the tubes would 
provide sufficient liquid transfer capability. 

4. Outlet 


The outlet region of the tank provides the transition from the 
acquisition device to the feed line. It combines the flow from 
about the vanes with that from the standpipe and directs it to 
the feedline during engine operation. Under low-g conditions, 
liquid will tend to orient toward the outlet. Communication with- 
in the outlet to the standpipe enables the standpipe to refill. 

The need- for modular installation has a large influence on the 
design of the tank outlet. Mounting flanges for the device and 
clearance for the tank installation must be included. An offset 
feed line becomes necessary. The all-welded alternative design 
for the oxidizer tank illustrates how much simpler the outlet 
could be if modular installation were not required. 

At low liquid volumes, the outlet configuration can affect the 
operation of the acquisition device. Communication must exist 
between the communication channel, vanes, standpipe, and feed line. 
This was achieved by extending the vanes into the base of the out- 
let, adding fins on the base of the standpipe, and by aligning 
the communication channel with a vane. Some gaps are necessary 
for fabrication reasons, such as the gap between the communication 


VI-47 



channel and the vane. Liquid will easily bridge the gaps if the 
spacing is kept small. In the all-welded alternative design, 
components of the device are welded directly together and joined 
to the tank wall to eliminate the gaps. 

A liquid interface within the outlet region has a stability ap- 
proximately equal- to that of an interface inside the standpipe. 
Both the vanes of the device and the fins at the base of the 
standpipe provide the stability. Throughout the mission, the 
outlet should remain full of liquid. 

When the volume of liquid is less than 2%, the outlet is full of 
liquid and the standpipe is partially full. At this point in the 
mission, a number of short-duration burns are necessary. The oc- 
currence of suction dip and its effect on the expulsion efficiency 
of the device become a concern. The last burn imposes the worst- 
case conditions with respect to the liquid expulsion capability 
of the device. 

The last burn volumes for each propellant are listed in Table 
VI-1. 


Table VI-1 Last Burn Volumes 



Flox 

MMH 

f 2 

n 2 h 4 

Mass, lb 

m 

3.8 

1.5 

16.6 

8.0 

Volume, ft 3 

0.042 

0.028 

0.18 

0.13 

Volume, % 

0.31 

0.38 

1.70 

1.22 


At these volumes, a careful accounting of the location of the 
liquid is required. The communication channel will never be com- 
pletely empty of liquid under low-g conditions. Up to 0.2% liquid 
volume could be located in the channel. Some liquid will also be 
held in the joint between the vanes and the standpipe. Before 
the last burn, a considerable fraction of the remaining liquid 
would not be oriented directly at the outlet. Liquid at the out- 
let would be used to start the engine and all the liquid oriented 
away from the outlet will begin to settle. If there was only 
enough liquid remaining to accomplish the last burn, ingestion of 
gas would occur at some point prior to depletion of the liquid. 

One hundred percent expulsion efficiency is not possible, but at 
least 99+% is feasible. Therefore, the ability of the acquisi- 
tion device to accomplish the last burn depends on how much of the 
loaded propellant has been used before that burn. A 4% margin is 
added to the propellant load to compensate for variations in load- 
ing accuracy, propellant outflow rates, engine performance, etc. 
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If some of this extra propellant is available at the last burn, so 
there would be 1% instead of just 0.3%, the probability of ac- 
complishing the last burn would be greatly increased. 

An offset outlet aggravates the suction dip problem and would 
give a lower expulsion efficiency than an outlet located on the 
tank centerline. The velocity profile is biased toward the side 
of the tank on which the outlet is located, but the liquid inter- 
face is symmetrical. Suction dip will leave some liquid stranded 
on the opposite side of the device from the outlet. In the all- 
welded design, the outlet is on the tank centerline and the con- 
tour of the outlet reduces the flow velocities and produces a 
uniform velocity profile. 

The actual expulsion efficiency of the device can be best deter- 
mined experimentally. First, the location of the liquid before 
the last burn would be established by testing subscale models of 
the outlet in the drop tower. Then one-g draining tests would be 
accomplished by using representative initial conditions and scal- 
ing the liquid flowrate and model dimensions. Once the expulsion 
efficiency was determined, the amount of liquid required to ac- 
complish the last burn would be known. If the 4% margin was not 
adequate, it could be increased to 4.5 or 5% to ensure a success- 
ful last burn. 

Pressurization/Vent Tube 


The tank is pressurized and vented through a single port located 
at the top of the tank. Pressurization is accomplished before 
and during each engine burn. A typical pressurization system 
operates with a regulator that senses the downstream pressure in 
the pressurization inlet. If the ullage volume is in contact with 
the pressurization inlet, pressurant gas flows into the tank until 
the desired tank pressure is reached. If liquid was over the in- 
let or inside the line, the regulator would be responding to pres- 
surant within the line. As the liquid is pushed out of the line, 
the pressurant would be compressed, giving a false indication that 
the proper tank pressure had been reached. Erratic pressurization 
would occur. There is also the possibility that the vent system, 
which uses the same line as its inlet, may sense the pressure 
surges as a need to vent the tank. 

The vent system is for emergency relief of the tank pressure 
only. It is not expected that the tanks would have to be vented 
during the mission. If venting should be required, the ullage 
volume should be in contact with the inlet so that only gas is 
vented. 
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The acquisition device was designed so that it will keep the 
ullage volume located at the pressurization/vent port. The port 
is a tube that extends about one-third of the distance between 
the top of the tank and the top of the device. Its diameter is 
small enough to prevent it from interfering with the centering 
of the ullage bubble. Some liquid will collect about the port 
where it joins the tank wall, but the length of the tube ensures 
that its tip will be free of liquid. 

As the pressurant enters the tank, forces due to the flow of the 
gas will exceed the capillary forces at the interface. A dif- 
fuser is incorporated into the lower end of the port. Angled 
holes in the wall of the tube will diffuse the gas flow in a 
radial direction. An example of an approach to the design of the 
diffuser for the port, as it was accomplished for the Viking Or- 
biter Propulsion system, can be found in SE004-47-02.* Some dis- 
turbance of the interface is expected, but a gross displacement 
of the liquid from the device will be avoided with this type of 
diffuser. However, additional analysis is required in this area. 
Bubbles may be created during pressurization. The analysis of 
bubble ingestion showed that unless the bubbles are very close to 
the outlet before engine start they will not be ingested. 

When the tank is vented, there will be some disturbance of the 
interface due to the reduction in the gas pressure. Variations 
in pressure within the ullage region will cause the shape of the 
interface to be chanted. Development of an analytical model is 
needed in this area. Tests would be used to determine the actual 
effect of pressurization and venting on the liquid interface, un- 
less analytical tools capable of determining such effects are 
developed . 

6. Design Summary 

The design approach placed the most emphasis on obtaining gas-free 
liquid expulsion. This was accomplished by using only six vanes, 
the selected vane profile, and a standpipe. Over the entire 
range of liquid volumes these factors help to keep the liquid well 
oriented at the tank outlet. Such problems as suction dip, slosh, 
and bubble ingestion are all minimized by this approach. The 
number of vanes and the profile is still adequate to center the 
bubble for venting, pressurization, and control of the center of 
gravity. 


*"Viking Orbiter 75 Propulsion System, Propellant Pressurization 
Diffuser Design Analysis." SEQQ4-47-Q2. Martin Marietta Corpora- 
tion, Denver, Colorado, June 20, 1972. 
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c. 


OTHER SYSTEM CONSIDERATIONS 


1. Dual-Mode Propulsion System 

The same design for the standpipe with vanes is applicable to 
either of the two oxidizers being evaluated. While the size of 
the Flox and fluorine tanks is different, both devices would be 
proportional in size. 

The Flox/MMH combination has a bipropellant engine, but the 
F 2 /N 2 H 4 combination uses a dual-mode propulsion system. It can 
operate in either the monopropellant or bipropellant mode. When 
operating in the bipropellant mode, the engine still starts and 
operates in the N 2 H 4 monopropellant mode for 5 sec before switch- 
ing to bipropellant operation. During the 5-sec period, some 
settling of the F 2 would occur. This would reduce the problem 
of orienting liquid at the outlet, but it is not considered 
adequate to operate the F 2 tank without an acquisition device. 
Settling of small liquid volumes could take more than 7 sec if 
there was no device in the tank. Also, the need for eg control 
and provisions for pressurization and emergency venting require 
an acquisition device in the F 2 tank. 

The N 2 H 4 tank acquisition device must provide propellant for both 
the attitude control system (ACS) and the trajectory correction 
engine. Propellant for the ACS would be tapped off the feed line 
downstream of the tank outlet. Liquid will always be located at 
the outlet, so the relatively small demands of the ACS would be 
provided. It has been shown that the disturbances due to the 
ACS maneuvers will not cause any significant disturbance of the 
liquid. A supply of propellant would be maintained during the 
maneuver . 

2. OF 2 /B 2 H 6 Propellant Combination 


Acquisition devices were not specifically designed for the OF 2 /B 2 Hg 
propellant combination. In Chapter V, the properties of the three 
propellant combinations were compared. The comparison shows that 
the properties of these propellants are similar to those of the 
other combinations. In terms of stability and pumping capability, 
the differences are small. Assuming that the spacecraft criteria 
of the OF 2 /B 2 H 2 propulsion system would be essentially the same 
as those of the other combinations, the same devices could also 
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be used for this propellant combination. The material compatibil- 
ity considerations for the OF 2 /B 2 H 6 propellant combination are 
similar to those for the other propellants. Aluminum or stain- 
less steel would be used with 0F 2 and, because of weight, titanium 
would be used with B 2 H 6 . 

3 . In-Line versus Side-by-Side Tanks 

Throughout the design and analysis of the acquisition device, the 
impact of in-line tanks instead of side-by-side tanks was consid- 
ered. The effect of the two configurations on the location and 
travel of the center of gravity is discussed in Chapter III. The 
maximum shift in the eg was found to be essentially the same for 
both configurations. However, the difference in the location of 
the spacecraft eg with respect to the ACS thrusters resulted in 
tank accelerations for the in-line configuration that were about 
twice those for the side-by-side configuration. These accelera- 
tion values were presented previously in the spacecraft criteria 
section of Chapter I (Table 1-2) . The difference between the 
two cases is not considered significant; however, the larger ac- 
celerations associated with the in-line tank configuration were 
used in designing the device. 

Other than the above mentioned effects, the operation of the ac- 
quisition device and its interaction with the various spacecraft 
subsystems remains the same for either tank configuration. 

4. Cylindrical versus Spherical Tanks 

The selected acquisition device concept is adaptable to a cylin- 
drical tank. The device height and the vane profile would be 
designed to account for the cylindrical tank geometry. It is 
assumed that the mission and spacecraft criteria would not be 
changed significantly if the spherical tanks were replaced with 
cylindrical tanks. 

With a cylindrical tank, the distance between the pressurization/ 
vent port and the feed line is greater than it is for a spherical 
tank of the same volume. This is an advantage with respect to 
keeping the ullage away from the tank outlet, but it is a dis- 
advantage with respect to providing gas-free liquid to the engine. 
A taller device means that more liquid will be located up within 
the vanes, removing liquid from the vicinity of the outlet. Set- 
tling, slosh, and suction dip are all more likely when this hap- 
pens . 


VI-52 



A cylindrical tank has some inherent stability, while a spherical 
tank does not . Liquid inside a bare spherical tank will reorient 
under the effect of any acceleration, regardless of its magnitude. 
Liquid in a cylinder, or the barrel section of a cylindrical tank, 
however, will remain oriented when an axial acceleration is tend- 
ing to displace it. The critical Bond number, based on the radius 
of the cylinder, is 0.84 when the contact angle is zero. For 
example, Flox will remain oriented in a 2-f t-diameter cylinder 
when the axial acceleration is less than 1 x 10 -5 g. The sta- 
bility of the tank will supplement the stability of the acquisi- 
tion device. Other than the above mentioned differences, the 
operation and performance of the device would be essentially the 
same. 

5 . Ground-Hold Cooling System and Temperature Sensor Integration 

A ground hold cooling system was integrated into the design of 
the standpipe-with-vanes device. Channels located in the wall 
allow the LN 2 coolant to be circulated through the standpipe. 

The vanes act as heat exchanger fins . 

The standpipe is divided into three sectors, manifolded at the top. 
Each sector has a tube passing through the bottom of the tank; 
coolant enters one tube and leaves through the other two tubes. 

No thermal analysis of the cooling system was performed, so the 
flow area required and the efficiency of the device as a heat 
exchanger need to be determined. 

In one of the alternative designs, the coolant tubes are used as 
communication channels. The tube is a single loop, entering and 
leaving the tank top, which forms four communication channels. 
Again, the design is only conceptual. A complete thermal analyr. 
sis is required to size the cooling system. 

An externally mounted ground-hold cooling system is suggested as 
another alternative. Cooling coils could be directly attached to 
the outside tank wall. Thermal performance of such a system tends 
to be better than an internal system because heat entering the 
tank is intercepted at the wall. The most important advantage of 
the external system is improved safety and reliability. An ex- 
ternal system does not have to penetrate the tank and is not in 
direct contact with the propellant. Studies of cooling systems 
for use with spacecraft using fluorine recommended external sys- 
tems for those reasons (Ref VI-9, VI-10, and VI -11) . 
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Another advantage of external cooling is that the tank could be 
loaded without venting. Tank pressure can be controlled by pre- 
cooling the tank and maintaining coolant flow during loading (Ref 
VI-12) . 

Temperature sensors are located in both the fuel and oxidizer 
tanks. A sensor integrated into the standpipe would minimize 
the effect of the sensor on the operation of the device. Since 
the typical sensor would be small, its location in the tank would 
have little effect on the orientation of the liquid. 

6. Flexibility 

The selected standpipe-with-vanes system is a flexible concept 
that could be applied to most typical deep-space missions. As 
discussed, the tank configuration and geometry can be varied 
without affecting the operation of the device significantly. 
Another important factor influencing the flexibility of the con- 
cept is the initial ullage volume. Devices were designed for 5% 
and 20% ullage volumes, but 50% ullages are typical in propul- 
sion systems using a blowdown pressurization system. 

In the analysis of the design, it was shown how the height of the 
device and the profile of the vane are primarily determined by the 
initial ullage volume. Based on the height and profile, perfor- 
mance capabilities such as stability and ability to expel gas-free 
liquid are established. Design of a device for a larger ullage 
volume, such as 50%, would proceed in a similar manner. Analysis 
of this device would show that most aspects of its operation were 
less critical due to the larger initial ullage volume. Since the 
device is smaller in height, liquid would tend to orient closer 
to the outlet. Larger numbers of vanes could be used to improve 
the stability of the system without degrading the orientation of 
liquid at the outlet. A simple, triangular vane profile would be 
adequate for centering the ullage bubble. Due to the size of the 
bubble, lateral accelerations would cause some displacement, but 
liquid could not cover the pressurization/vent port. A smaller 
device, triangular profile, and larger number of vanes would im- 
prove the ability of the device to expel gas-free liquid. A stand 
pipe would be too small and not really essential in such an ap- 
plication, so it would not be incorporated. An acquisition de- 
vice of this type was designed in the previous contract (NAS7-754) 
Engineering drawings showing its configuration can be found in 
Fig. V-19 of Reference VI-4. 
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7. 


Effects of Space-Storable Propellants 


The space-storable propellants considered, Flox, F 2 , 0F 2 and B 2 Hg , 
have a strong influence on the design and fabrication of a space- 
craft propulsion system in comparison to a system employing earth 
storables. In previous discussions, some of the factors have been 
discussed, but there are many others. The following is a compila- 
tion of factors that should be considered when a system is designed 
for use with space storables. 

Fabrication and Assembly - Selected materials must be compatible. 
The use of dissimilar materials within the tank is discouraged 
because this can increase the corrosion rate. All-welded fabri- 
cation is preferred; joints should not produce contaminant trap 
areas. Faying surfaces should be eliminated, and adequate clear- 
ance must be provided for cleaning and passivation. Stringent 
cleaning procedures must be used. 

Ground Hold and Launch Operations - A clean and dry system is re- 
quired for fluorine-based propellants. The propellant system 
must be passivated with gaseous fluorine before loading. Load- 
ing, transfer, and mating to the launch vehicle are all hazardous 
operations with fluorine propellants and stringent control is 
required. Any leakage is unacceptable. The vapor is too toxic 
to vent directly to the atmosphere; a charcoal burner should be 
employed. Cooling must be provided during ground hold due to the 
low storage temperature - 

Mission Operation - The thermal implications presented by space- 
storable propellants can be greater than with an earth-storable 
system. Heat rejection may be needed in space, depending on the 
mission, heat leaks, method of pressurization, etc. The probabil- 
ity of venting is greater and is also more difficult. Reliable 
relief valves are not now available. Some work on rupture discs 
was recently completed (Ref VI-13). As discussed previously, 
pressurization presents some difficulties. Flightweight valves 
and regulators are problems. A worst-case situation is presented 
by the fluorine-containing oxidizers because of toxicity, re- 
activity, temperature, and propellant-property considerations. 

8. Contact Angle 


The contact angle between any of the propellants considered and 
any of the metals used to fabricate the tank and device is essen- 
tially 0°, provided the propellant is not contaminated and the 
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metal is clean. If the propellant should decompose or become 
contaminated, or if the metal has any films or residues on its 
surface, the contact angle can increase. 

An increase in contact angle will degrade some of the aspects 
of the operation of the acquisition device. This increase would 
have two interdependent effects on the shape of an interface in 
low-g ; 

1) When the contact angle is increased, the curvature of the 
interface is decreased; 

2) The tank surface area covered by a given volume of liquid is 
reduced as the contact angle increases. 

The effect of these two factors on the operation of the communica- 
tion channel is discussed in Chapter III. Liquid displaced from 
the device is less likely to be in contact with liquid about the 
device at a larger contact angle due to the second effect. A 
reduction in curvature means that the capillary pressure pumping 
the liquid in the channel is decreased. It was shown that the 
pumping pressure can be reduced to zero, or actually reversed as 
the contact angle increases. The post was found to become inef- 
fective at a 2° contact angle; a standpipe would still be effec- 
tive at a contact angle of 10°; but, the standpipe with vanes 
would be capable of returning displaced liquid at contact angles 
of 20° or more. 

Some of the effects of a larger contact angle are advantageous. 

Due to the second effect, liquid would be more closely oriented 
over the outlet as the contact angle increases. Stability of 
the interface increases as the contact angle increases. For 
example, consider the interface in a cylinder. At a 0° contact 
angle, the critical Bond number is 0.84. The critical Bond num- 
ber increases as the contact angle increases, reaching a maximum 
of 3.39 at a contact angle of 90°. 

Since an increased contact angle can degrade some aspects of the 
performance of the device, the approach is to take all precautions 
to keep the contact angle as close to zero as possible. Condi- 
tions affecting the cleanliness of the tank and the propellant 
can be controlled during fabrication, assembly, and launch opera- 
tions to guarantee a negligible contact angle. During a long- 
duration mission, factors may tend to increase the contact angle. 
The amount of increase that could be expected is unknown; further 
evaluation is required. 



VII. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 

Based on the analytical and experimental evaluations of a variety 
of candidate surface tension propellant acquisition concepts con- 
ducted under this program, the Fruhof-class of propellant acquisi- 
tion systems offers the best approach to a universal system for 
interplanetary spacecraft. These systems provide a wide operating 
band and can be tailored to specific applications with the desired 
operational margin. The Fruhof standpipe-with-vanes system is pre- 
ferred for further design study, because this system appears most 
capable of meeting the spacecraft and mission requirements of the 
type evaluated. 

A preliminary design of the device was accomplished, based on anal- 
ysis and testing of the more significant factors influencing its 
fabrication and operation. However, further effort would be re- 
quired to tailor the device to a specific propulsion system and 
mission. This effort is necessitated by both fluid mechanics 
considerations, which could not be treated in sufficient detail 
in the scope of this contract, and the use of space-storable pro- 
pellants. These propellants, in general, and fluorine-containing 
oxidizers, in particular, present a worst-case situation for pro- 
pellant acquisition, which is at least an order of magnitude more 
difficult than an earth-storable propellant situation. 

More information and improved analytical tools are required in the 
areas of propellant reorientation/ullage positioning, propellant 
settling and slosh dynamics, and the impact of pressurant inflow 
and vapor venting on the liquid/vapor interface configuration. 
Additional information is also required on the effect of both time 
and contaminants on the contact angle between the propellants and 
the tank and acquisition device materials. An evaluation of de- 
vice fabrication and tank installation techniques is also needed. 
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B. 


RECOMMENDATIONS 


The following recommendations outline a plan for further develop- 
ment of the propellant acquisition system: 

1) Some means of calculating the shape of a zero-g interface 
about a vaned standpipe acquisition device should be devel- 
oped. The tradeoffs between developing techniques to calcu- 
late the actual three-dimensional interfaces or developing 
approximate methods that would give a suitable two-dimensional 
representation of the actual interface should be evaluated. 

2) Once the interface can be determined, the analysis should be 
extended to consider the effect of an acceleration acting on 
that interface. Both the axial and lateral stability of the 
device could be determined. As a part of this analysis the 
pumping capability of the vanes and the location of the liquid 
under the effect of an acceleration would be established. 

3) The effect of the diffuser design on the shape of the inter- 
face during pressurization should be analyzed. 

4) The pressure gradients produced within the ullage due to vent- 
ing and their effect on the interface shape should be analyzed. 

5) A complete flow analysis of the outlet region of the tank, 
aimed primarily at the smaller liquid volumes, should be 
accomplished. Effects, such as settling, suction dip, bubble 
ingestion, and the combined flow from the standpipe and the 
bulk region should be included. 

6) Drop tower tests of the selected concept should be accomplished 
to verify and supplement the analytical effort. Scale models 
of the device would be tested to determine interface shapes 
and their stability. A model of just the outlet region of the 
tank would help to verify the operation of the device at small 
liquid volumes. 

7) One-g draining tests, using representative initial conditions, 
would assist in verifying the operation of the device while 
the spacecraft engine is operating. These should be conducted. 
The expulsion efficiency and the pressure losses due to flow 
through the outlet could be established. 
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8) A KC-135 aircraft flying a low-g trajectory would provide 
sufficient test time to qualitatively verify certain propul- 
sion system events. A subscale tank model should be used to 
demonstrate pressurization, venting, and outflow. 

9) After the above analytical and experimental effort, the design 
of the device should be revised to incorporate any improvements. 
Based on this design, a prototype of the device should be built 
to evaluate fabrication and assembly techniques and to develop 
inspection procedures. The device should be used to demon- 
strate tank installation and removal procedures. Testing to 
demonstrate structural integrity and one-g outflow with the 
actual propellants should then be conducted. 

At the completion of this planned program, the device would be 
proven with respect to its operation and fabrication. Manufacture 
of the actual hardware could then begin. 
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